Modelling of stormwater quality in Byarong Creek by Woodward, C. J.
University of Wollongong 
Research Online 
University of Wollongong Thesis Collection 
1954-2016 University of Wollongong Thesis Collections 
1986 
Modelling of stormwater quality in Byarong Creek 
C. J. Woodward 
University of Wollongong 
Follow this and additional works at: https://ro.uow.edu.au/theses 
University of Wollongong 
Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The University 
does not authorise you to copy, communicate or otherwise make available electronically to any other person any 
copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to copyright material. 
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 
conversion of material into digital or electronic form. 
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 
represent the views of the University of Wollongong. 
Recommended Citation 
Woodward, C. J., Modelling of stormwater quality in Byarong Creek, Master of Engineering (Hons.) thesis, 
Department of Civil and Mining Engineering, University of Wollongong, 1986. https://ro.uow.edu.au/
theses/2429 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 
MODELLING OF STORMIURTER QUALITY 
IN  BYRRONG CREEK
A thesis submitted in partial fulfilment of the 
requirements for the award of degree of
MASTER OF ENGINEERING (HONOURS)
from
THE UNIUERSITY OF UIOLLONGONG
by
C. J. WOODWARD, B.Sc.
UNIVERSITY OF 
W O L L O N G O N G  
LIBRARY





I wish to thank Dr M. Sivakumar, my supervisors for his assistance and 
support during this study, 1 wish to acknowledge and thank my employer, 
the State Pollution Control Commission for provision of sampling and 
testing equipment, the Public Works Department for assistance with 
construction of a monitoring station and provision of flow recording 
equipment and rainfall data, My thanks also to Wollongong City Council 
and Mrs MacDonald (Department of Meteorology) for rainfall data and to 
the Department of Civil and Mining Engineering, especially Mr 6. Marsh for 
assistance in the field, sometimes under less than favourable conditions.
Finally ! wish to thank my wife, Stephanie for her relentless support and 
for typing the thesis, and my children Eliza, Simon and Cameron, to whom 





TABLE OF CONTENTS ii
LiST OF TABLES V
LIST OF FIGURES V i
LIST OF PLATES ix
LIST OF SYMBOLS X
SUMMARY Xi
1. INTRODUCTION 1
2. LITERATURE REVIEW 5
2.1 Suspended Sediment 5
2.1.1 Sediment Generation and Transport Processes 5
2.1.2 Suspended Sediment Studies 11
2.1.3 Suspended Sediment Modelling 15
2.2 Total Dissolved Solids 24
2.2.1 Solute Generation and Transport Processes 24
2.2.2 Solute Monitoring Studies 27
2.2.3 Solute Modelling 31
3. THEORETICAL CONSIDERATIONS 36
3.1 Limitations of the Rating Curve 36
3.2 Multiple Linear Regression 43
3.3 Analysis Based on Storm Events 47
3.4 Proposed Study 50
Ill
4. EXPERIMENTAL DATA COLLECTION AND PROCESSING 53
4.1 Study Area 53
4.2 Rainfall 56
4.3 Streamflow 57
4.4 Water Sampling Methods 63
4.5 Analyses of Water Samples 67
4.5.1 Nonfiltrable Residues 67
4.5.2 Electrical Conductivity 68
5. RESULTS AND DISCUSSION 69
5.1 Summary of Results 69
5.2 Rainfall 69
5.3 Streamflow 70
5.4 Nonfiltrable Residues 73
5.5 Electrical Conductivity 79
6. STATISTICAL ANALYSIS OF DATA 84
6.1 Nondurable Residues 84
6.2 Electrical Conductivity 97
6.3 Analysis of Event Data 111
6.3.1 Suspended Solids 111
5.3.2 Total Dissolved Solids 120
6.4 Comparison of Proposed Models 124
7. CONCLUSIONS AND RECOMMENDATIONS 131
7.1 Conclusions 131




APPENDIX 1. Raw data for Storm Events 
APPENDIX 2. Colour Plates
V
TABLE PAGE
2.1 Typical Sizes of Sediment Particles 10
4.1 Landuse in Byarong Creek Catchment 55
6.1 Linear Regression Analyses for log NFR Versus Log Flow 85
6.2 Multiple Regression Analyses for NFR Versus Flow 93
6.3 Linear Regression Analyses for Log Electrical Conductivity
Versus Log Flow 107
6.4 Multiple Regression Analyses for Electrical Conductivity
Versus Flow 108
6.5 Storm Event Data 116
6.6 Multiple Regression Analysis of NFR for Storm Events 118
5.7 Multiple Regression Analysis of TDS for Storm Events 123
6.8 Comparison of Predicted Loads of Nonfiltrable Residues
for Different Models 127
6.9 Comparison of Predicted Loads of Total Dissolved Solids
LIST OF TABLES
for Different Models 130
LIST OF FIGURES
FIGURE PAGE
2.1 Sheet Erosion by Raindrops 6
2.2 Dissolved Solids -  Flow Relationship 29
4.1 Byarong Creek Catchment 54
4.2 Main Channel Profile of Byarong Creek 56
4.3 Stage-Discharge Relationship for Trapezoidal Channel 61
4.4 Stage-Discharge Relationship for 1200mm Stormwater Pipe 62
4.5 Baseflow Separation from Hydrograph 63
4.6 Nonfiltrable Residues at Various Depths 65
5.1 Base Flow and Stormflow for (a) Single Peak Event and
(b) Multiple Peak Event 71
5.2 Baseflow and Stormflow for Storm Event on 5 August 1986 72
5.3 Examples of Peak NFR Concentrations (a) Preceding and
(b) Lagging Hydrograph Peaks 74
5.4 Multiple Peak Event Showing Exhaustion in Sediment Peaks
in Relation to Flow Peaks 75
5.5 Examples of (a) Clockwise and (b) Anticlockwise
Hysteresis Loops for NFR Versus Flow 76
5.6 General Shape of Hysteresis Loops for NFR Versus Flow 77
5.7 Examples of Electrical Conductivity Troughs
(a) Preceding and (b) Lagging Hydrograph Peaks 81
5.8 Examples of (a) Clockwise and (b) Anticlockwise
Hysteresis Loops for EC Versus Flow 82
5.9 General Shapes of Hysteresis Loops for EC Versus Flow 83
v ii
6.1 Relationship Between Log NFR and Log Flow for A ll Data
6.2 Relationship Between Log NFR and Log Flow for 
(a) Rising Stage and (b) Falling Stage
6.3 Relationship Between Log NFR and Log Flow for
(a) Flows < 0.48m3/s and (b) Flows > 0.48m3/s
6.4 Relationship Between Log NFR and Log Flow for (a)  
Rising Stage <0.48m3/s , (b) Rising Stage >0.48m3/s,  
(c) Falling Stage <0.48m3/s and (d) Falling
Stage >0.48m3/s.
6.5 Nonfiltrable Residues, Observed and Predicted 
for Models 1 and 2, (a) 13 October 1985,
(b) 25 November 1985 and (c) 5 August 1986
6.6 Relationship Between log Electrical Conductivity and 
Log Flow for All Data
6.7 Relationship Between Log Electrical Conductivity and 
Log flow for (a) Rising Stage and (b) Failing Stage
6.8 Relationship Between Log Electrical Conductivity and 
Log Flow for (a) Flows < 0.48m3/s and (b) Flows
> 0.48m3/s
6.9 Relationship Between Log Electrical Conductivity and 
Log Flow for (a) Rising Stage < 0.48m3/s ,
(b) Rising Stage > 0.48m3/s, (c) Falling Stage 
< 0.48m3/s and (d) Falling Stage > 0.48m3/s
6.10 Electrical Conductivity, Observed and Predicted 










and (b) 5 August 1986 112-113
vm
6 . 11 Nonfiltrable Residue Loads, Observed and Predicted,
Using Storm Event Model. 121
6.12 Total Dissolved Solids Loads, Observed and Predicted




Plate 1 Upland Section of Byarong Creek
Plate 2 Upland Catchment of Byarong Creek
Plate 3 Natural Bush Section of the Catchment
Plate 4 Grazing Lands Section of the Catchment
Plate 5 Urban Section of the Catchment
Plate 6 Byarong Creek Baseflow Conditions
Plate 7 Byarong Creek Stormflow Conditions
Plate 8 Monitoring Station
Plate 9 Stream Velocity Measurements
Plate 10 Trapezoidal Channel, Baseflow
Plate 11 Trapezoidal Channel During Stormflow Conditions
1
LIST OF SYMBOLS
A Cross sectional area
C Concentration
d Diameter
Dd Number of dry days preceding storm event
D Depth








Qpj,; Flow peakedness index
R Surface runoff
R Correlation coefficient
R2 Adjusted correlation coefficient squared
Se,s Standard error of estimate
TDS Total dissolved solids






















Byarong Creek in the illawarra region is typical of many coastal streams 
which commence in a predominantly natural escarpment and drain across 
urbanized lowlands into a coastal lake or directly to the sea. In this 
present study the variation of suspended sediment and solute 
concentrations in the upland catchment of Byarong Creek is presented for 
ten, well documented storm events. Rainfall and flow were continuously 
recorded for each storm event and water samples were collected from the 
beginning to the end of each storm at half hourly intervals and analysed 
for suspended solids (nonfiltrable residues) and total dissolved solids 
(electrical conductivity). Because of the small catchment size (4.2 km2) 
and steepness of the main channel slope (16%), the suspended solids and 
total dissolved solids concentrations were shown to vary rapidly within a 
storm event.
It was found that the traditional rating curve method using concentration 
streamflow relationships can provide a reasonable prediction for total 
dissolved solids but did not enable a good prediction for suspended solids 
concentrations. A more reliable prediction was obtained for suspended 
solids by regression analysis of the total suspended solids load on a 
storm event basis. This technique minimized errors caused by the 
hysteretic effects within each storm event and for practical purposes can 
provide a more reliable estimate of the total suspended solids load 
discharged during any given storm. Additionally the results of the 
present study will provide baseline data for similar catchments which may 
be subject to further urbanization.
1. INTRODUCTION
"Thus in the midst of numerous and terrible floods which had taken place
during 9000 years...the soil which these upheavals had caused to slide
from the heights did not accumulate on the land...but rolled over the
shore to be lost in the depths of the sea. So, as happens in the small 
islands, our country what now remains of it compared with what then 
existed, resembles a body emancipated with illness; all that was once 
rich and fertile land was carried away from all parts, and there remains 
no more than a skeleton."
"The Criteas"
Plato (427-347 BC)
Prior to European settlement in Australia virtually all major rivers 
yielded potable quality water. Today, over one third of all our potentially 
potable water resources contain in excess of IQOQmg/L total salts and 
many of our lakes and reservoirs are filling rapidly with sediments 
(Stokes Sc Loh , 1982). This reduction in water quality has occurred 
mainly as a result of man’s clearing of native forests and otherwise 
altering the physical, chemical and biological nature of the land surfaces. 
Such changes result in stormwaters discharging greater quantities of 
pollutants into receiving waters.
To be able to control or at least limit, the rate of denudation of soil and 
nutrients from catchments and the resultant pollution of waters, It is 
necessary to understand the processes involved in pollution generation 
and transport so that predictions can be made about the outcome of
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altered land management practices. In the present study it is intended to 
investigate the effects of stormwater runoff on water quality of a creek 
flowing through a predominantly natural catchment which may be 
subjected to further urbanisation in future.
Although the problems of sedimentation and increased salinity have been 
studied for many years, it was not until the 1970‘s that detailed 
hydrological investigations have attempted to relate the physical and 
chemical processes in a manner which can provide quantitative answers to 
the mechanisms involved. Since this time there has been an increasing 
number of such studies of both natural and disturbed catchments and 
models, both deductive and inductive have been developed. These 
investigations will be reviewed in detail in this thesis.
host studies on stormwater pollution to date have concentrated on 
investigations of suspended sediments and solutes. Suspended sediments 
has been studied the most because of their manifold impacts including;
-  soil loss from catchments,
-  erosion of gullies, creek and river bed and banks,
-  deposition and shallowing of streams,
-  infilling of lakes and reservoirs,
-  sediment transport to oceans and harbours,
-  blanketing of streams and lakes and effects on benthic flora and 
fauna,
-  increased turbidity of receiving waters and
3
-  transport of particulate bound nutrients which can both decrease 
productivity of the catchment and increase productivity of 
receiving waters to unacceptable levels.
Solutes have been studied for the following reasons;
-  their association with denudation of soluble nutrients and other 
water quality parameters from catchments,
-  their effects on receiving water quality for potable and rural 
purposes,
-  their effects on flora and fauna in receiving waters and
-  it enables the degree of human influence in the catchment to be 
assessed.
Thus changes in suspended sediment and solute levels not only affect the 
ecological balance of the catchment and receiving waters but also 
influence their economic, aesthetic, social and recreational uses.
Olive and Walker (1982) argued that water quality in general is a function 
of solids and solutes in rivers and as the atmosphere plays little part in 
affecting these parameters, the most important source is from land 
erosion, in the wider sense Walling (1984) has acknowledged that the 
denudation of catchments and discharge to oceans affects the global 
geochemical balance over time and hence a greater understanding of these 
processes is necessary if we are to successfully limit the rate of future
denudation.
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The aim of the present study is to investigate both suspended and dissolved 
solids in Byarong Creek during storm conditions with the aim of developing 
a satisfactory model or models which will enable prediction of these 
pollutants under various storm conditions. Byarong Creek is a perennial 
coastal stream in a small (4.2 km2), steep (16%), predominantly natural 
(79%) catchment. Part of its upland catchment is planned for further 





2.1.1 Sediment Generation and Transport Processes.
Erosion processes can result from the action of wind and rainfall. Except 
in arid areas, rainfall is by far the most significant factor affecting 
erosion. Erosion can be classified into four types -  sheet, rill, gully and 
stream erosion. Sheet and rill erosion occur when rain drops dislodge 
soil particles which subsequently become entrained in the overland flow. 
In sheet erosion there is broad overland flow whereas in rill erosion the 
flow starts to form small channels with some re-entrainment of particles 
(Bennett, 1974). In gully erosion rainfall plays a minor role while the 
erosion results mainly from entrainment of particles by turbulent flow. 
Stream erosion occurs when turbulent flows erode the bed and banks of a 
stream and the dislodged particles are carried in the streamflow.
Linsley et # /(1982) emphasize the importance of rainfall intensity in 
generating sheet erosion. Raindrops vary in size from 0.5 to 6 mm in 
diameter, (d) and terminal velocity, (v) may vary from 2 to 9 m/s 
depending on the raindrop diameter. Since kinetic energy is proportional 
to d^v^ then a large drop of rain may have up to 10,000 times the erosive 
power of a small drop. This confirms observations such as by Singhal et 
al (1981) that high intensity storms create up to 90% of the annual 
sediment loads in rivers. Since in overload flow the flow is laminar,
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particles which have already been dislodged may be entrained in the flow 
but the flow itself will not dislodge new particles.
Other factors which affect the degree of sheet erosion are vegetative 
cover, soil type, antecedent moisture conditions, soil slope, surface 
roughness, seasonal or temperature variations and availability of fine 
soil particles. Because of the importance of rainfall intensity it is 
obvious that vegetative cover will limit the degree of erosion potential 
since the vegetation itself breaks the intensity of rainfall. Olive and 
Walker (1982) suggest that vegetative cover is the second most 
significant factor affecting erosion potential after rainfall intensity. Soil 
slope also affects the rate of erosion, as shown in Figure 2.1 by both 
increasing the effectiveness of dislodgement of soil particles downslope 
by rain drops and by increasing the velocity of overland flow.
Figure 2.1 Sheet erosion by raindrops.
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As might be expected soil type influences the degree of erosion. Cohesive 
or bonded type soils are less prone to erosion than non-cohesive or 
dispersive soils. Sandy soils with larger particles are less likely to be 
carried in overland flow than finer grained soils, however, the loose 
nature of sandy soils makes them more prone to splash erosion. 
Increased soil moisture conditions reduce the potential for splash erosion 
since the wet semi-bonded soil particles are more resistant to being 
dislodged by raindrops.
Imeson (1970) suggests that seasonal variations occur in erosion 
potential because of temperature stress on vegetation. Certainly in 
countries which have deciduous forests the degree of protection from 
splash erosion is reduced in autumn and winter but this is not likely to be 
so significant in Australia since native vegetation is not deciduous. 
Loughran (1977) in fact, found no significant difference between winter 
and summer sediment loads in his Australian Study. Finally surface 
roughness limits erosion by providing a restriction to overland flow which 
in turn may allow deposition of previously entrained soil particles. Of the 
different types of erosion McHenry and Ritchie (1977) cite studies of 157 
basins in the USA which indicate that 73 per cent of the sediment yield is 
derived from sheet erosion, 10 per cent from gully erosion and 17 per 
cent from other sources.
Once in the stream, sediment from all sources, including land erosion as 
well as stream bed and bank erosion, is transported as either bed-load or 
suspended load. Linsley at a /{  1982) describe bed-load as material that
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slides or rolls along near the channel bottom and suspended load as 
sediment actually flowing in the channel. They also suggest that bed-load 
can be subdivided to include a saltation component in which sediment 
moves by bouncing. They conclude by using the distinction of bed-load 
material being those particles normally found in the stream bed and 
wash-load as particles smaller than are usually found in the bed. 
Stelczer (1981) provides a more comprehensive definition of suspended 
sediment as “that which is transported in suspension at a velocity virtually  
identical with that of the water, practically without contacting the bottom, 
the phenomenon of movement being unrelated to that of other sediment and 
controlled by the physical properties of the material and the dynamics of 
the velocity field". He describes bed-load as the load moving along or in 
the vicinity of the bottom and he suggests that further subdivision of 
bed-load into rolling and sliding or saltation is of no practical 
consequence. Ward (1984) provides the practical definition of bed-load 
as that part of the load not measured by suspended solids sampling. This 
is not particularly satisfactory. As will be seen later the accuracy of 
suspended sediment sampling varies depending on the depth and type of 
sampling equipment used.
It is obvious from the above definitions that there is no clear distinction 
between bed-load and suspended sediments. It is not possible to 
distinguish between the two by particle size either, since changes in 
stream velocity will mean that particles which are in suspension at a high 
velocity may settle on the bed at a lower velocity. Lindsley et #7(1982) 
describe a general two-dimensional mass transport equation for
9
suspended sediment as
$C . SC. U  SC. S€, SC. S2C. S2C.5 5 X 5 y 5 S 5
V ----- = Vs ----- + ----- -----+ -----  ----- + ex ------  + ey ------  (1)
bx by bx bx by by bx2 by2
where Cs is the sediment concentration for a particular particle size, e is 
the mixing coefficient, x and y are longitudinal and vertical dimensions
respectively and vs is settling velocity obtained by use of Stokes' Law.
The equation is of limited use however, for natural streams because of the 
need to make excessive simplifying assumptions.
Stelczer (1981) proposed an equation to predict the critical stream 
velocity which would carry particles of certain size diameters,
vszk = 59.43 d 0,5 m/s (Z)
where Vszk is the mean velocity of flow (m /s) and d is the diameter of
particle (m ). Hence for a flow velocity of 2.0 m/s particles of diameter 
1.13 mm or larger will be transported as bed-load (rolling and sliding) 
and smaller particles will be transported as suspended solids. Table 2.1 
from Ward (1984) shows the range of diameter sizes for various sediment
particles.
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TABLE 2. î Typical Sizes of Sediment Particles.
Particle Description Size
Coarse sand >0.5 mm
Medium sand 0.25 -  0.5 mm
Fine sand 0.125 -  0.25 mm
Silt 4 - 6 2  Jim
Coarse clay 2 - 4  urn
Medium clay 1 -  2 jim
Fine clay 0 . 5 -  1.0 pirn
Very fine clay 0.24 -  0.5 Jim
The above discussion is important for understanding the distinction 
between bed-load and suspended load. In the present study only the 
suspended load will be investigated and no attempt will be made to quantify 
the bed-load component. The reasons for this are;
-  by far, most of the load carried by streams (> 80%) is in the 
form of suspended sediment (Belperio, 1979; Stelczer, 1981; 
Linsley et */, 1982; Ward 1984, and others),
-  it is the washload or (suspended sediments) which is usually 
caused by land erosion and not channel erosion (Graf, 1981),
-  it is suspended sediments which take longer to settle out and
thus have a greater effect on downstream receiving water 
quality,
-  it is the finer suspended sediments which carry adsorbed 
nutrients and chemicals to downstream receiving waters,
-  no satisfactory method has been developed for reliably 
measuring bed-load transport (Stelczer, 1981).
This section so far has discussed the processes of sediment generation 
during rainfall and sediment transport mechanisms in-stream. The next 
section reviews investigations by other workers who have attempted to 
quantify these processes and the final part of Section 2.1 looks at models 
which have been developed to describe and quantify discharge loads of 
suspended solids in rivers.
2.1.2 Suspended Sediment Studies.
Recent studies of suspended sediments have included investigations into 
hysteresis effects (eg Campbell, 1977; Loughran, 1977; Walling, 1977 b; 
Belperio, 1979; Grimshaw & Lewin 1980; Walling & Webb, 1982; Olive & 
Reiger, 1984; Ward, 1984; Loughran et at, 1986), seasonal effects (eg 
Campbell, 1977; Loughran, 1977), effectivness of sampling programs (eg 
Singhal et a/, 1981; Walling & Webb, 1981; Leitch, 1982; O’Loughlin 
et at, 1982; Olive & Reiger, 1984; Thomas, 1985), and lead-lag of 
hydrograph and sediment peaks (eg Glover & Johnson, 1974; Hadley & 
Walling, 1984; Loughran, 1974; Reiger et at, 1982).
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Hysteresis effects resulting mainly from exhaustion of sediment supplies 
have received considerable attention because of the limitations they 
impose on the ability to derive simple rating curve relationships between 
discharge and suspended sediment concentrations in streams. Several 
workers (eg Loughran, 1977; Grimshaw Sc Lewin, 1980; Leitch, 1982; 
Walling Sc Webb, 1982; VanSickle Sc Beschta, 1983) have demonstrated that 
the suspended sediments concentration is usually greater on the rising 
stage of the hydrograph than on the falling stage, thus producing 
clockwise hysteresis loops, and have concluded that this demonstrates 
sediment exhaustion effects. Other workers have noted anticlockwise 
hysteresis loops. Campbell (1977) sugested that an anticlockwise 
hysteresis effect can occur when the main sediment source is further 
upstream from the point of monitoring hence the discharge peak may 
precede the suspended solids concentration peak. Loughran ^ ^ / (1 9 8 6 )  
confirmed that the reason for an anticlockwise hysteresis loop that they 
observed in Maluna Creek, NSW, with a small catchment (1.7km2), was 
due to higher sediment loads from a vineyard located in the upstream part 
of the catchment.
Belperio (1979) concluded that the observation of anticlockwise 
hystereses loops in his study of the Burdekin River, Australia, was due to 
the fact that the flood wave moves at a greater velocity than the mean 
stream velocity. This being the case, the peak suspended sediment 
concentration, which travels at the same velocity as the mean stream 
velocity, lagged behind the hydrograph peak. Glover and Johnson (1974) 
quantified this effect on the South Tyne River by deriving a relationship
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from the continuity equation for unsteady flow,
vw = dQ /  dA = d (A V ) /d A (3)
where vw is the velocity of the kinematic wave which approximates to the
travel velocity of the flood wave, Q is the rate of discharge, A  is the 
stream cross sectional area and V is the mean longitudinal water velocity 
over the cross-section. By substituting the Chezy and Manning equations 
into (3) they found that the ratio of flood wave velocity to mean stream 
velocity was 1.5 and concluded that this could have a pronounced effect on 
suspended sediment peak and flow peak separation in the case of long 
streams and particularly during small storms which produce lower mean 
stream velocities thus causing further separation of peaks. They further 
concluded that the lag is generally undetectable by hourly sampling 
methods in catchments of less than say 100 km2. Olive and Reiger (1984) 
more recently investigated suspended solids concentrations in small 
catchments near Eden, NSW, similar in size to that of Byarong Creek. 
While work is still continuing, their results so far have concluded that a 
random pattern of concentration versus discharge is more common than 
either clockwise or anticlockwise hysteresis loops.
Walling and Webb (1982) state that hysteresis loops occur when plotting 
suspended solids concentration against discharge, because of either 
reduced attachment of soil particles after rain ceases or because of 
limited availability of sediment supply. They suggest that the latter is
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more likely to be the main reason since analysis of many storms showed 
that the peak suspended sediment concentration was related to peak flow 
as well as to the length of recovery time between storm events. If the 
recovery time was greater than 30 days then peak sediment 
concentrations were as high as 2000 mg/L but this reduced to 400 mg/L for 
a recovery period of only 7 days. Other workers (Grimshaw 8c Lewis, 
1980; Leitch, 1982) have also shown that suspended sediment 
concentrations peaks actually reduce in magnitude in relation to discharge 
peaks during multiple rise storm events. These studies support the 
concept of exhaustion of sediment supplies in the catchment.
The abovementioned hysteresis effects highlight the need for an intensive 
sampling programme in any study to ensure that these effects are 
properly identified. This requirement is further emphasised by the 
results of studies which indicate that the bulk of suspended sediment is 
carried over short time periods during floods. 0‘Loughlin et <?/(1982) 
showed that over a seven year period two storm events accounted for 88 
per cent of the total sediment load but occupied only 0.12 per cent of the 
time. Similarly Walling and Webb (1981) found that 80 per cent of the 
suspended sediment load was discharged in just 3 per cent of the study 
time. Thomas (1985) proposed a method of probability sampling during 
storms which he suggests can reduce errors by up to 50 per cent. The 
technique involves use of a computer which increases the sampling 
frequency of an automatic sampler in proportion to the streamflow. Such 
sophisticated instrumentation however, is not readily available to most
workers.
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The important points which arise from the above investigations involving 
suspended solids monitoring can be summarised as follows:
1. It is best to investigate a small catchment in order to minimise 
spatial and temporal influences.
2. The catchment should have predominately homogeneous land 
use if possible.
3. A monitoring program for investigation of suspended solids 
should concentrate on storm events rather than periods between 
events.
4. An intensive sampling program should be developed which will 
adequately monitor rapid changes in suspended solids 
concentrations during any storm event.
2.1.3 Suspended Sediment Modelling.
By far the most common approach to modelling suspended sediment in 
streams is by the use of simple rating curves. This method involves 
sampling the stream at regular or random time intervals and plotting 
instantaneous suspended solids concentration against instantaneous 
streamflow, usually on log/log basis. A simple regression analysis using 
least squares will provide the relationship
C = a Q b (4)
where Q is streamflow, C is concentration of suspended solids and a and b
16
are constants. Although the simple rating curve is the most used model 
for suspended solids prediction it is also subject to much controversy 
over its accuracy and reliability for this purpose. The theoretical 
limitations of the rating curve will be discussed in more detail in Section 
3.1 and the discussion here will be limited to its use by other workers.
Walling and his co-workers have done more research on assessing the 
reliability of the rating curve method for suspended solids and as will be 
seen later also for solutes, than any others, (eg. Walling, 1975; Walling 
& Foster, 1975; Walling, 1977 a; Walling, 1977 b; Walling & Webb, 1981; 
Walling, 1982; Walling, 1984; Hadley & Walling, 1984).
Over a period of 7 years Walling and Webb (1981) analysed over 2500 
samples on the River Creedy and showed that for simple linear 
regressions for suspended solids, correlation coefficients of 0.51 to 0.88 
were achieved. They concluded that there is no well defined relationship 
between suspended solids concentrations and streamflow in this river but 
they did acknowledge that the simple rating curve could still be used to 
provide an estimate of sediment loads providing the method was used with 
caution. They also pointed out that the method by which a rating curve is 
used can provide different results even if the same base data is used, in 
this regard they cited one worker in New Zealand who estimated a 
sediment load 13,300 t/km2/year compared to an estimate of 275 
t/km2/year by another worker, both using the same base data from the 
Ministry of Works. Walling ( 1977b) used his own data, which consisted of 
continuous turbidity measurements, and broke it up into daily and monthly
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average readings. He showed that monthly readings can produce errors  
of up to 900 per cent compared wlthsedlment loads calculated from 
continuous turbidity records. This again highlights the importance of 
sufficient sampling results prior to using any model.
Simple regression rating curves have also been used in Australia for 
practical purposes, for predicting sediment loads from urban runoff, by 
Weeks and Crockett (1983),
SS = 196 RO -  19 (5)
where SS is suspended solids concentration and RO is runoff in 
millimetres, and by Lawrence (1984),
SS = 200 R for urban and (6)
SS = 20 R for rural (7)
where R is millimetres of runoff per day. These workers admit that the 
relationships can only be regarded as approximate but suggest that such 
approximations are usually satisfactory for practical purposes.
Balci et al (1986) and some others have shown improved correlations by 
suspended solids load against streamflow
L = a Q b ( 8 )
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but this improved correlation is misleading because load is a function of C 
and Q, hence Q is contained on both sides of the equation.
Loughran (1977) found a poor correlation between suspended solids 
concentration and streamflow on Congewai Creek, Australia, so attempted 
to divide the data into separate seasonal as well as rising and falling stage
relationships. The basis of these subdivisions was to account for
seasonality and hysteresis effects as described in Section 2.1.1. This 
improved the correlation coefficents to 0.49 or above for all but the 
falling stage groups which remained non-significant. The sampling 
frequency in this study was apparently limited but, when Loughran et a/ 
(1986) carried out a subsequent study with a more intensive sampling on 
Maluna Creek, they produced the following regressions
C = 21.3 Q 064 ( rising stage) (9)
C = 46.3 Q 071 (falling stage) (10)
with correlation coefficients of 0.82 and 0.77 respectively. These results 
were substantially improved over the earlier study.
Other workers have also subdivided data in an attempt to improve the 
validity of models. Walling and Webb (1982) improved the significance of 
correlation by separation of rising and falling stage and summer and 
winter periods. They concluded however, that this did not completely 
account for the observed hysteretic effects and suggested that a time 
variant measure should be considered and a partial source area concept
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should also be investigated.
Grimshaw and Lewin (1980) also considered separate simple regression  
analyses based on seasonal and rising and falling stages but included a 
further subdivision of high and low flows. The basis of subdivision into 
high and low flows was an attempt to distinguish between sediment 
transport of catchment based sediments (low flows) and increased loads 
when channel erosion occurs during high flows. They divided the high and 
low flows on the basis of colour of sediments which they identified as 
either channel or catchment based. They found the correlation 
coefficients were improved with the high flows (> 0.73) but were poor with 
the low flows (0.05 to 0.63).
Multiple linear regression takes the form
Y = a x, bl x2 b2 ___ xn bn (11)
where Y is the dependent variable and x1f x2 ___ xn are independent
variables which, combined together, can increase the reliability of 
prediction of Y. Leitch (1982) further subdivided the hydrograph into six 
phases and used each of these as separate variables in a multiple 
regression analysis. He found this did little to improve the statistical 
explanation but when he used only streamflow, basefow and stormflow as 
independent variables he found the correlation coefficient improved from
0.14 -  0.66 to 0.78 -  0.84.
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Another multiple regression type equation for use on small catchments 
during storms was developed by Jiang and Song in 1980 and is described by 
Olive and Walker (1982),
M = 0.37 Ms 1 1 5  JKP (12)
where M is the sediment yield per unit area, Ms is the flood volume, J is
the land slope, K is an erodibility coefficient and P is a coefficient 
depending on vegetative cover. To use this model, assumptions have to be 
made about the values of K and P. The model has not been successfully  
tested for Australian conditions.
The universal soil loss equation was developed by Wischmeier and Smith in 
1965 (Linsley et aI, 1982) in an attempt to predict erosion and sediment 
losses based on rainfall, landuse, slope and soil erodibility factors. As  
some of these factors are difficult to quantify Linsley et a/( 1982) suggest 
that the model at best, only provides an approximation of suspended 
sediment loads.
Walling (1977 a) described the flow duration sediment rating curve 
technique as first proposed by Miller in 1951. The basis of this model is 
to obtain the average runoff rates in a series of duration curves and to 
apply these to rating curves to obtain annual sediment yield. Walling 
suggests that this technique tends to underestimate actual loads unless 
discharge intervals are minimised.
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Solomon and Gupta (1977 a) developed a numerical model for estimating 
runoff and sediment discharge in ungauged rivers which takes the form
sediment load = a x 1 x2 x3 (P ) 2 A X4  (13)
where a is a constant, x1$ x2 , x3 are variables relating to erodibility, P
is rainfall, A is area and X4 is a function of factors affecting soil
availability. They then compared this model to other more simple models 
and concluded that the errors are lower and the method is less biased 
than the other models (Soloman and Gupta, 1977 b). This type of model 
however, is difficult to use because it requires extensive calibration with 
all the variables and factors involved.
Dickinson (1981) compared five models for predicting annual sediment 
loads. These were 34
1 Qs = CQ (14)
365
2 Qs = E Cj Qi 
i=1
(15)
3 As for 1, but subdividing Q into high and low flows.
4 Single rating curve i.e. applied 2 but used annual figures. 
Moving rating curve i.e. similar to 4 but used several 
groups of successive sample concentrations.
5
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where Qs is annual load, C is the mean concentration for all samples for 
the year, Q is the total flow for the year, Cj is daily average concentration
and Qj is daily flow. He concluded that most of these underestimated the
actual load. The moving rating curve was best but the single rating 
curves in 2 and 4 were reasonably accurate and moderately precise.
Chen and Kuo (1986) developed a rigorous synthetic model based on a one 
hour unit sedimentgraph which accounts for both spatial and temporal 
variations. They concluded that the results were fairly good with errors 
ranging from 19 to 40 per cent of the actual loads.
Smith (1980) developed a model, called KINEROS, which synthesises 
numerical solutions for approximations to the partial differential 
equations of infiltration, water and sediment movement processes. The 
hydraulic parameters of the model are better defined than erosion and 
transport parameters but better definition of these latter parameters is 
required before the model could be of general use.
Finally VanSickle and Beschta (1983) suggested that most of the scatter 
which occurs in the conventional rating curve C = aQb is due to diminishing 
supply of sediment from the catchment and they developed the model
C (t) = a Q ( t ) b g[S(t)] (16)
where g (S )  expresses the relative change in concentration due to changes
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in available sediment and S(t)  is a function of time. They do not however 
define physical interpretation for the parameters, hence use of the model 
would require considerable initial calibrations.
The above models vary in complexity from the simple rating curve to 
complex inductive models. The following general conclusions can be 
drawn from the above discussions.
1. The simple rating curve of suspended sediment concentration 
versus streamflow cannot accurately define the prediction 
of suspended sediment loads.
2. The simple rating curve can be used to give an approximation 
of suspended sediment loads providing a reliable sampling 
program is used as a basis for the rating curve and the factors 
affecting sediment generation and transport are understood.
3. The simple rating curve may be improved by separating flows 
into rising and falling stages and possibly by further 
separation into high and low flows and maybe also into 
seasons.
4. Multiple linear regression can improve the concentration flow 
relationship providing the extra variables are chosen 
carefully.
5. More complex models can explain the processes of sediment 
generation and transport better than the simpler models but 
because they require calibration and simplifying assumptions, 
their general purpose use is limited.
24
6 . Since most suspended sediment is transported during storms, 
development of any model should particularly focus on 
generation of suspended solids during storm events.
2.2 TOTAL DISSOLVED SOLIDS
2.2.1 Solute Generation and Transport Processes.
The terms solutes, total dissolved solids, total soluble salts, salinity and 
electrical conductivity are frequently used but sometimes not clearly  
defined. The following definitions from the comprehensive “Water 2000" 
report (DRE, 1983) will be used in this thesis.
1. Electrical conductivity (EC) is the measured electrical 
conductivity of the solution at 25° expressed in milliSiemens 
per metre.
2. Total soluble salts (TSS) is synonomous with salinity and is the 
total concentration of the major ions -  Na+ , K+ , Ca++, Mg++,
Cl“ , HCO3” , C03= and S04= , in solution. It is expressed in
milligrams per litre and for Australian waters is related to 
conductivity in the following manner
TSS = 6.5 EC (17)
3. Total dissolved solids (TDS) is a measure of the residue after 
a known volume of filtered water has been evaporated. It is
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expressed in milligrams per litre and is related to total 
soluble solids in Australian waters by
TDS = 0.952 TSS (18)
4. Solutes is a general term referring to all of the above.
The degree of change of water chemistry depends on the pathways of 
movement, residence times of solutions and sources and sinks of ions. 
The largest change in water chemistry is not from the rain or tree 
canopies but after its contact with the ground (Raison & Khanna, 1982). 
Once in contact with the ground the water may dissolve substances from 
the leaf litter, weathered parent rock, shales, claystones and soil.
The leaf litter works to increase solutes in rainwater in different ways. 
Firstly it retards runoff and hence increases residence time of the 
rainwater with soil and litter. Secondly the litter absorbs and retains 
moisture, in the case of Eucalypt forests, litter can absorb 1 to 2 
millimetres of rain for up to 5 to 8  days (Raison & Khanna, 1982). During 
this time the moisture plays an important role in controlling 
decomposition and mineralisation of organically bound elements. 
Evaporation of water from the litter during this time concentrates the 
solutes in the remaining water. Some workers have shown that the 
concentration of solutes in runoff water is normally higher in summer 
than winter because of the greater quantity of leaf litter during summer 
(Walling & Foster, 1975).
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The concentration of solutes in runoff depends more on geology and soil 
type than on the type of vegetation. This was shown by Talsma and Hallam 
(1982) who showed there was little difference in the solutes from two 
catchments which had similar geology but one with Australian natural bush 
and the other a pine plantation.
Sodium and chloride are the main ions which are normally contained in 
rainwater and the concentration of these ions depends on the proximity to 
the ocean. Imeson (1975) found up to 20 per cent of the Na and Cl in 
runoff waters originated from the atmosphere and Hadley and Walling 
(1984) quoted 14.4 per cent of solutes originating from the atmosphere in 
a USSR study. No details are given as to the proximity of this study’s 
location to the sea.
O’Connor (1976) has suggested the main mechanism by which solutes are 
discharged to a stream is via the groundwater component. Imeson 
(1973), however, states that displacement of soil water, as opposed to 
groundwater, is also an important component of the total solute load. 
Foster (1978) described the hysteresis effects and showed that some 
specific ions do not follow the same trend as total dissolved solids. He 
concluded, therefore that although early studies identified dilution as the 
major control operating during storm runoff events, in fact the process is 
considerably more complicated.
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2.2.2 Solute Monitoring Studies.
In a similar manner to studies on suspended solids, solute studies have 
been aimed at explaining the processes of solute generation and prediction 
of solute concentrations and loads in streams.
Imeson (1973) carried out an extended period of weekly and monthly 
sampling of solute concentrations and established that there was an 
inverse relationship between solute concentration and flow which was 
particularly pronounced during flood events.
Loughran( 1974) studied dissolved solids concentrations during separate 
storms and found that the mean dissolved solids concentration decreased 
with increasing flow and also correlated negatively with a peakedness 
index (peak discharge [L/s] / total discharge [ML]), peak discharge and 
discharge before the rise. It only correlated positively with water 
temperature. Loughran also summed the total solute load for each storm 
rise and found that the total dissolved solids load tended to correlate 
positively with all hydrograph characteristics except water temperature 
with which it correlated negatively. He suggested that analyses of data on 
a rise basis may provide a better description than use of the conventional 
rating curve.
Walling (1975) critisized some of Imeson’s conclusions and stated that 
weekly or monthly sampling is insufficient to draw proper conclusions 
about solute changes during storm events. Walling suggested that
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sampling needs to be carried out daily, or even more regularly on small 
catchments, during storms. Walling's work on the Devon River confirmed 
the general inverse relationship between solute concentration and flow 
during storms but he also found hysteresis and lead-lag effects somewhat 
similar to those obtained in suspended solids studies. Interestingly he 
noted a small increase in solute concentrations at the very beginning of 
the many storms which he attributed to initial flushing of concentrated 
solutes from the catchment. He suggested dilution processes 
predominated after this initial flushing.
O'Connor (1976) analysed extensive data for a number of rivers in an 
attempt to derive a general expression for the spatial and temporal 
distribution of dissolved solids in rivers. He suggested that the dissolved 
solids load can be partitioned into three main components of the flow i.e. 
surface runoff, interflow and groundwater flow. He found a general 
relationship existed between dissolved solids concentrations and flow as 
shown, in Figure 2.2, where most of the surface runoff occurs during the 
rising stage of the hydrograph and this causes dilution of the dissolved 
solids concentration. During the falling stage of the hydrograph most of 
the flow is from interflow, i.e. displaced water from just below the soil 
surface, and this contains increased dissolved solids concentration. The 
final stage of the hydrograph contains mainly ground water flow with 
increasing dissolved solids concentration as the residence time of water




Figure 2.2 Dissolved solids-flow relationship (after O’Connor, 1976)
Stokes and Loh (1982) subsequently compared the solute concentrations in 
runoff from paired catchments, one forested and the other deforested, in 
south western Australia. They used solute concentrations to partition 
water and solute among three sources; surface runoff, subsurface 
seepage and groundwater. They found the deforested catchment produced 
approximately double the water and solute yield of the forested 
catchment.
Other workers have since confirmed the hysteresis effects and like 
suspended sediment studies some have observed clockwise loops (Stokes 
Sc Loh 1982; Walling Sc Webb 1982; Walling, 1984) while others have noted
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anticlockwise loops (Glover & Johnson, 1974; Foster, 1975).
Glover and Johnson (1974) suggest that an anticlockwise hysteresis loop 
occurs as a result of a lag in the solute concentration trough after the 
hydrograph peak. The reason for this lag is explained by the flood wave 
velocity being greater than the mean stream velocity as described in 
Section 2.1.2. They suggest that this phenomenom only occurs in larger  
catchments, greater than say 100 km2. Foster (1975) however, found 
that even in small catchments the chemograph trough can lag behind the 
flow peak. Walling and Foster (1975) examined this lag effect in detail 
and found correlations between the magnitude of the lag and factors, 
including the rate of hydrograph rise, preceding flow, soil moisture 
deficit and season. They found the shortest lags were associated with 
highest streamflow rises and the maximum lags associated with dry 
antecedent conditions. This was explained by the fact that under 
conditions of low soil moisture there is an accumulation of solutes which 
will be washed out by a storm but this may result in a lag before the 
solute concentration decreases. When high soil moisture conditions occur 
the solutes will be rapidly flushed out resulting in the solute trough 
possibly coinciding with the hydrograph peak.
In later studies Walling (1984) recognized that flood routing plays an 
important role in solute lag times and the shape of the solute-flow  
relationships. He found that the spatial heterogeneity of a catchment can 
result in solutes being supplied at different rates from different sections 
of the catchment and even in small catchments the solute trough can lag
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behind the hydrograph peak.
Some of these workers and others proceeded to develop models to explain 
and predict dissolved solids-flow relationships and these are discussed in 
the following section. The results of the above studies can be 
summarised:
1 . Ideally a small catchment should be chosen to study solute -  
flow relationships and if possible the catchment should be 
relatively homogeneous.
2. In carrying out any study on stream solute-flow relationships 
it is necessary to sample at sufficient frequency, to observe 
rapid changes in solute concentrations.
3. Any sampling program for studying solutes should concentrate 
on storm events since this is when virtually all significant 
changes in solute concentrations occur.
4. An analysis of solute results should include a plot of solute 
concentration and flow against time for a storm event and an 
attempt should be made to explain response in relation to 
catchment parameters.
2.2.3 Solute Modelling.
Simple rating curves similar to those described in Section 2.1.3 have 
been used for estimating the relationship between dissolved solids 

























































C = a G fb (19)
noting that C has a negative correlation with Q. Dissolved solids can also 
be expressed as a load either linearly or on a log/log basis. Weeks and 
Crockett (1983) developed the simple relationship
TDS = 84 RO+ 11 (20)
for urban runoff in an Australian city where TDS is the load of total 
dissolved solids in kilograms per square kilometre and RO is the runoff in 
millimetres.
In a sim ilar manner to suspended sediment rating curves, Walling (1984) 
described improvements to this method by subdividing the data into 
seasons and rising and falling stages of the hydrograph.
Foster (1978) attempted to improve the validity of regression analysis by 
employing eight independent variables into stepwise multiple regression  
models. These variables included; maximum storm discharge, time of 
hydrograph rise, water temperature, soil moisture deficit, antecedent 
precipitation index, half hourly rainfall intensity, sine index and maximum 
storm discharge minus preceding flow level. He found that maximum 
storm discharge was the single most important variable but the statistical 
relationship was somewhat improved by inclusion of the other variables.
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Walling and Webb (1980) also developed a multiple regression model for 
solutes in the River Exe which takes the form
DIL = 0.76 BRUP + 197.35 log PREC + 18.59 log QR -457.76 (21)
where DIL is the magnitude of dilution, equivalent to reduction in 
electrical conductivity (jjis/cm-1), QR is the hydrograph rise, PREC is the 
conductance level preceding the storm event and BRUP is a spatial factor, 
in this case the ratio of the peak discharge of the River Barle at Brushford 
to the peak discharge of the River Exe at Thorverton. These extra 
variables improved the explanation (R2) from 50 to 77 per cent.
Because of the prominant dilution effect evident in stream solute studies, 
several people have developed mixing type models. Walling (1984) 
described a mixing model, originally proposed by Hart in 1964, to predict 
solute load
load = Qg b1+ ^2 Qj b2 + a 3 Qs b3 ( 2 2 )
where Qg is the groundwater component of the total flow, Qj is the
interflow component, Qg is the surface flow component and a and b are
regression constants and coefficients. The problem with this type of 
model is that it is difficult to estimate the magnitude of the various runoff 
components contributing to the total streamflow. A similar problem 
occurs when attempting to use a flow component model developed by
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O’Connor (1976) in that the various flow components need first to be
properly separated.
Hall (1970, 1971) developed a series of six mixing models:
1. Single mixing volume, constant load, inflow has zero 
concentration
C = A Q  - 1/n (23)
2. Single mixing volume, constant load, inflow has constant 
concentration.
c = A Q  - ,/n + c 0 (24)
3. Same as models 1 or 2 but takes account of concentration 
changes with volume.
C = F* -  E* log Q (25)
C = H exp( -  G' Q ,/n ) + c0 or (26)
C = M -  J' Q ,/n (2?)
4. Single mixing volume, constant load, all outflow from inflow 
has zero concentration.
C = S / (1 + BQ 1/n ) (28)
5. Single mixing volume, variable load, all outflow from inflow 
and inflow has constant concentrations.
C = (S -  C0)
+ co (29)
1 + BQ ,/n
6 . Single mixing volume, variable load, dissolved solids from two 




/ ca - c \
c “ cb /
(30)
where C,E,F,H,f1,N,S are concentrations; V is volume; Q,B are flows and 
A ,a ,b ,n  are constants.
The main problem with these models is the difficulty is deciding which 
model should by used to fit to any particular data. Other problems are 
associated with non random trends, variations in the storage volume -  
discharge relationship and that rising and falling stage and seasonal 
variations are not accounted for.
Other inductive models have been proposed by Betson and McMaster (in 
Walling, 1984), which incorporate catchment soil type parameters and by 
Talsma and Northcote (1982) based on chemical exchange capacity rates 
for different soils. Application of these models requires some knowledge 
of the parameters involved and subsequent calibration of the models.
This section can be concluded by noting the comments made by several of 
the above workers that empirical models can produce reasonable 
estimates providing the limitations are properly understood and 
quantified. The practical use of the mixing models is limited by the need 
to separate out the various flow components firstly. The more inductive 
models are limited in their application because of need to make 
simplifying assumptions of the various catchment parameters.
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3. THEORETICAL CONSIDERATIONS 
3.1 LIMITATIONS OF THE RATING CURVE
The rating curve is in essence a graphical representation of the 
relationship between two variables, usually one dependent on the value of 
the other. Regression analysis is a statistical method which is widely 
used to find a functional relationship between variables. Where the 
values of y are dependent on values of x, the relationship may take the 
form of a straight line
y = a + b x  (31)
where y is the dependent variable, x is the independent variable, a is the 
intercept on the y axis and b is the slope of the line. When the value of b 
is positive there is a corresponding increase in values of y for increasing 
values of x and when negative an inverse relationship applies.
In practice an approximate relationship is derived which takes the form
y = C£ + f?X + e (32)
where a  and P are the model regression parameters and e is a random 
disturbance. It is assumed that for the range of observations made the 
linear equation (32) provides an acceptable approximation of the true
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relationship between x and y and the values of e are random and 
independently distributed with a mean of zero and variance, 6 .
The values of a  and B are normally found by the least squares method
which involves minimising the sum of squares of the residuals S(a, 0) 
where
n n
S(a,B) = 2 €j2 = 2 (y ( -  a  -  Pxj)2 (33)
¡ « 1  ¡ = 1
The values of a and b that minimise S(a, 0) are given by 
Z ( yj -  y )  (Xj  -  x )
b = ----------------------------  (34)
Z ( X j - X ) 2
and a = y -  b x ( 3 5 )
where x and y are mean values of x and y. (Chatterjee and Price, 1977).
A s computers are now readily available which can generate the 
appropriate regression analyses, further derivation of the statistical 
equations is not considered necessary here. Some terms, however, still 
require explanation since they will be used in later analysis of data.
The standard error of estimate (Se) of the regression equation is given by
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Se =
2  ( y  -  y ) 2 
n -  2
( 3 6 )
w h ere  y  is the com puted va lu e  of y  and noting th e re  a re  n -  2 degrees of 
freed o m  since a and b a re  rep lac ed  by a  a n d p .
A f te r  evaluating  es tim ates  a and b the goodness of f it  of data can be 
d eterm ined  by ca lcu la tin g  the c o rre la t io n  c o e ffic ie n t, R w here
2 (y j  -  y )  (?j -  y )
r = ---------------------------------------= ------------ (3 7 )
{ 2  (y j -  y )  2 2  ( yj -  y )  2 } 1/2
The va lu e  of R lies  between +1 and - 1 .  The goodness of f i t ,  o r  c o rre la tio n  
im pro ves as R approaches +1 o r -1  and th e re  is considered to be no 
c o rre la t io n  between x and y  if  R is c lose to  z e ro . The index R2 can be 
in te rp re te d  as the p ro p o rtio n  of to ta l v a r ia b ility  of y  th a t is explained by 
x .
To te s t w heth er the c o rre la t io n  between x and y  is s ig n ific a n tly  v a lid , the  
null hypothesis H0 {p = o ) is tes ted  against an a lte rn a tiv e  H0 ( p * o ) 
w here  p is the population c o rre la t io n  c o e ffic ie n t. This is c a lle d  the t Test
IRI Vn -  2
--------------------  (3 8 )
V i  -  R 2
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where t is a Student’s variable with n -  2 degrees of freedom. The 
observed t value is tested against a tabulated value of t which assumes a 
normal distribution and the hypothesis can be tested at various levels of 
significance (eg 1%, 5%, etc.).
A further examination of the goodness of fit can be achieved by assessinq  
the residuals
= y* ~ yj (39)
or better still standardized residuals
ei
eis = ----- (40)
s
where s is the standard deviation of residuals. If the model is correct the 
standardized residuals should be within plus or minus 2 . 0  and the plotted 
values against the fitted value of y or the time order in which the 
observations occur should not show apparent trends or patterns 
(Chatterjee and Price, 1977).
The above brief description is necessary for an understanding of the 
validity of conclusions drawn by other workers and for proper analyses of 
data from the present study.
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!n the case of most suspended sediment or solute versus discharge 
relationships it has been found that a simple linear relationship does not 
exist but when the variables are transformed logarithmically the 
relationship is improved
log y = log a + b log x (41)
and this assumes the power relationship
y = ax5 (42)
exists.
Several workers have examined the errors which have been evident in the 
use of log/log rating curves and have usually found that the curve tends to 
underestimate the actual loads (eg Campbell, 1977; Walling, 1977 a; 
Walling, 1977 b; Olive & Walker, 1982).
Walling (1977 b) noted that this underestimation was due in part to the 
transformation of variables to logarithms but did not attempt to adjust for 
the error and he suggested that the bias tended to even out because of 
other errors in sampling.
Hence many studies have estimated sediment and solute loads using the 
transformed log/log rating curve technique without attempting to adjust 
for inherent errors in the analyses. It was not until recently that
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Ferguson (1986) explained the inherent error in the transformed log/log 
relationship error and suggested a simple correction factor.
Ferguson (1986) noted that the regression equation
is obtained using the least squares method and this is normally antilogged 
(back transformed) to obtain the power relationship
In the case of the log/log relationship (43) the predicted value of log Cj is 
given by the arithmetical mean of the conditional distribution of log C at
Q = Qj. In the antilogged regression, however, the predicted value of Cj is
the geometric, not arithmetic mean of the distribution of C at Q = Qj. As  
the geometric mean is necessarily lower than the arithmetic mean then
the predicted value of C will necessarily be lower than the true value of C. 
Ferguson evaluated this error as
log C = a + b log Q (43)
C  = 108 Q:b (44)
Error ( C j / C j )  = exp { <f2 < 1 n 10)2 / 2 }
exp (2 .6 5 rf'2 ) (45)
and showed that this simple factor can be used to correct power rating
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curve estimates. He applied this factor to published data and showed that 
underestimates of up to 50% had been made by those who ignored this 
statistical error.
One of the most important points to realise with the use of a rating curve 
is that it gives no basis for investigating a causal relationship between x 
and y. A good relationship may exist between x and y because there is 
some common influence on both x and y. This indeed has been the case in 
some suspended sediment and solute studies where a load versus 
discharge relationship has given a better correlation than a 
concentration-discharge relationship (eg Balci e ta /, 1986). Since load 
is concentration times discharge then the load relationship
L = e Q f (46)
is equivalent to
L = a Q b+ 1 (47)
since
L = C x Q and C = a Q b
It follows therefore that the load-discharge relationship must produce a 
better correlation than the concentration-discharge relationship for any 
given set of data.
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In summary then the rating curve can provide an approximation of the 
concentration-discharge relationship for suspended solids and solutes but 
most workers have found significant errors in the results obtained by the 
use of this technique. Some of these errors are caused by unaccounted 
variations in the observations, such as rising-falling stage, hysteresis 
effects, lead-lag effects and seasonality, all of which have been explained 
in Sections 2.1.2 and 2.2.2, while other errors can be produced in the 
statistical analysis of data. As much emphasis therefore needs to be 
given to interpretation of the statistical analysis as to the actual data 
collection and analyses.
3.2 MULTIPLE LINEAR REGRESSION
It was discussed in Sections 2.1.3 and 2.2.3 that the use of multiple 
linear regression by some workers improved the prediction of variations 
in suspended sediment and solute concentrations. Variables other than 
flow which were considered to have an influence included rainfall 
intensity, peak flow, antecedent dry days and baseflow storm-flow  
separations. The theory of multiple regression analysis needs also to be 
discussed before the validity of this technique can be assessed.
The multiple linear regression equation
y = a + b1 x 1 + b2 x2 + ___ bn xn (46)
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w here  a is a co nstan t, Xj to  a re  independent v a ria b le s  and bj to  bn a re
c o e ffic ie n ts , is de term ined  by a le a s t squares method but re q u ire s  solving  
fo r  n v a ria b le s  fro m  n sim ultaneous equations. In a s im ila r  m anner to  
sim ple  lin e a r  reg res s io n  an a lys es , the c o rre la tio n  c o e ffic ie n t, R and 
corresponding R2 te rm s  can be found and a re  used to  explain  the v a ria tio n
in p red ic ted  y va lues  in te rm s  of a ll the v a ria b le s  ( x 1____xn) .
Most w o rk e rs  show only the c o rre la tio n  co effic ien t R (and lev e l of 
sig n ifican ce ) when discussing the adequacy of th e ir  model but few  show
R2 , possib ly because th is is alw ays lo w er than R (u n less  R = 1 .0 ) .  In fac t
n e ith e r of these te rm s  adequately  expresses the goodness of f it  when 
considering m u ltip le  reg ress io n  an a lys is .
Since
Regression Sum of Squares  
R2 = -------------------------------------------
Tota l Sum of Squares
Residual Sum of Squares
= i ------------------------------------------------ (4 7 )
Tota l Sum of Squares
it can be shown th at an in crea se  in the num ber of v a ria b le s  w ill v ir tu a l ly  
alw ays in crea se  (and  never d e c re a s e ) the va lu e  of R2 , even though the  
e x tra  v a ria b le s  may add no fu r th e r  re a l explanation to  the p red ic ted  va lue
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of the dependent variable. An alternative to R2 is the use of an adjusted 
correlation coefficient Ra2 which is expressed by
Residual Mean of Squares
Ra2 = 1 -  ------------------------------------  (48)
Total Mean of Squares
where the mean of squares is equal to the sum of squares divided by the 
total degrees of freedom for the model (Chatterjee and Price, 1977). 
This factor takes into account the extra degrees of freedom being 
introduced by extra variables and consequently can show a reduction in 
Ra2 where extra variables are introduced which do not improve the 
explanation, even though the correlation coefficients R and R2 may 
increase. The writer is not aware of any workers in the field who have 
used adjusted R2 (Ra2), even though it would appear to have definite 
advantages over the use of R2 when assessing the effectiveness of adding 
extra variables into a multiple regression analysis.
The t-test described in the previous section applies in multiple regression 
analysis but only to the individual variable coefficients. A conventional 
significance test for the correlation coefficient of a multiple regression  
coefficient is the F-ratio which allows for testing the null hypothesis that 
all the coefficients are zero, in a similar manner to the t-test this is 
normally carried out at the 1% or 5% probability level.
Another potential problem with the use of multiple linear regression is the 
possibility of multicollinearity occurring. This is when the explanatory
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variables are interrelated and hence the total expression becomes 
ambiguous. This problem may not necessarily  show up by inspection of 
the standardized residuals but may be detected by following the stepwise 
procedure proposed by Chatterjee and Price (1977):
1. Large change in the estimated coefficients when a variable is 
added or deleted.
2. Large changes in the coefficients when a data point is altered 
or dropped.
3. The algebraic signs of the estimated coefficients do not 
conform to prior expectations.
4. Coefficients of variables that are expected to be important 
have large standard errors.
It is important therefore when attempting multiple linear regression to 
proceed in a stepwise manner watching all relevant factors at each step.
Finally, autocorrelation can also affect the validity of multiple regression  
analysis. This occurs when the residuals are not randomly distributed 
and the standardized residuals show a definite pattern or trend. 
Chatterjee and Price (1977) suggest that when this occurs two 
approaches may be followed; ( i)  work with transformed variables or (ii) 
introduce additional variables which have some time ordered basis.
The use of multiple linear regression offers advantages over simple 
linear regression in that extra variables can be introduced into the
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relationship which may improve the explanation and prediction of the 
dependent variable. More care needs to be taken with the use of multiple 
regression to ensure that extra variables are improving the real 
explanation of the dependent variable, and that multicollinearity and 
autocorrelation are not distorting the validity of the relationship.
3.3 ANALYSIS BASED ON STORM EVENTS
The preceding sections have shown that suspended sediment and solute 
levels in streams can be predicted by the use of simple rating curves, 
using flow as the independent varible, but the accuracy and reliability is 
usually not good. The prediction can be improved by incorporating extra 
explanatory variables and using multiple regression analysis, however 
this technique is still unable to explain all of the variations which occur in 
practice. More complex catchment based and time series models have 
been proposed but none has yet been accepted as being generally suitable 
for practical use.
Results of studies by previous workers have shown that the main reasons 
for lack of correlation between concentration and discharge for 
instantaneous samples can be summarized as follows:
1. There tends to be increased concentrations of suspended 
sediment (decreased solute concentrations) during the rising 
stage of the hydrograph compared with the falling stage. 
Exhaustion of sediment and solute supplies is apparent during2.
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storm events and concentrations during multiple peak storms 
are reduced for subsequent peaks compared with • the peak flow at 
the beginning of the storm.
3. Sediment peaks and solute troughs do not always coincide with 
hydrograph peaks. They sometimes precede and at other 
times lag behind the flow peaks. This factor, possibly more 
than most, can increase the scatter when plotting results of 
flow versus concentration for instantaneous sampling.
Taking these sources of error into account it is probable that a more 
reliable prediction of sediment or solute loads may be obtained by 
modelling the data on a storm event basis. That is by summing the 
sediment and solute loads and total flow for each storm event and 
attempting to find a relationship between the pollutant load or mean flow 
weighted concentration and flow for each event using a linear regression  
or by incorporating other variables into a multiple regression analysis. 
Such a method could eliminate errors associated with the hysteretic and 
lead/lag effects which are unavoidable in conventional rating curves which 
rely on instantaneous relationships.
The validity of such a relationship relies on an intensive sampling program  
during each storm event in order to fully record all changes in suspended 
sediment peaks, solute troughs and hydrograph peaks. Once calibrated 
for a sufficient number of storm events, however, only the independent 
var iab le (s)  (i.e . total flow etc) would need to be monitored in order to 
determine sediment or solute loads for any given storm event. In
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practice it is the total load of pollutant discharged which is of more 
interest to the administrator than necessarily being able to predict the 
actual shape of the pollutograph.
Both Loughran (1974) and Walling (1974 a) have atempted to find 
relationships between individual storm events. Loughran (1974) 
separated data for storm events in Congewai Creek, NSW, and calculated 
correlation coefficients between the suspended sediment concentration 
and total discharge (R = 0.58, not significant at 5%). He also looked at 
correlations of sediment and solute concentrations with peakedness index 
(peak flow over total flow), peak discharge and discharge before the rise 
but found these were not significant. Loughran did not however carry out 
intensive sampling during each storm (only 3 to 12 samples per storm) 
hence his calculations of total loads and mean concentrations could be 
subject to significant error. Loughran et a/ (1986) subsequently 
monitored suspended sediment loads and concentrations for individual 
storm events at a higher sampling intensity in Maluna Creek, NSW. In this 
case they showed correlation coefficients for total sediment load versus  
total runoff (R = 0.97), total sediment load and peak flow (R = 0.93) and 
mean sediment concentration versus discharge peakedness index (R =
0.90) to be significantly correlated (0.1% level). They did not attempt 
multiple regression analysis of the variables which they chose to 
investigate nor did they suggest the general applicability of an event based 
model as a predictive method for estimating pollutant loads, despite 
showing improved correlations by the use of this method.
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3.4 PROPOSED STUDY
The preceding sections have addressed practical and theoretical 
limitations associated with suspended sediment and solute modelling 
studies. In each case the salient features have been identified and these 
have provided the basis for the proposed study in which it is intended to 
develop models for the prediction of suspended solids and total dissolved 
solids during storm conditions.
It is proposed to monitor simultaneously rainfall, streamflow, suspended 
solids and dissolved solids concentrations in Byarong Creek, at thirty 
minute intervals, throughout each storm event for as many events as 
possible. A flow level recorder will be used to measure stream rises and 
conventional techniques will be used to measure stream velocity during 
storm events from which a stage discharge-relationship will be 
established and used to monitor streamflow.
It is proposed to observe any hysteresis or lead-lag effects in 
concentration-flow relationships and explain these in terms of catchment 
or flood routing parameters. The data will be graphed and rating curves 
will be established for the combined data as well as for subdivided data, 
including rising and falling stage as well as any other parameters such as 
high and low flows which appear to explain the coefficient of variation in 
concentrations. The cumulative flow from the beginning of a storm event 
will be used as a measure of catchment exhaustion of available sediment 
or solutes in a multiple linear regression analysis in an attempt to
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improve the reliability of prediction.
The data will also be separated into individual storm events and simple 
and multiple linear regression analyses will be conducted on the storm 
event data in an attempt to derive a more reliable predictive model for 
total suspended sediment and solute loads which are discharged in any 
given storm event. Variables representative of peak flow intensity and 
antecedent catchment moisture conditions will be included into multiple 
linear regression analyses of the event based data. Base flows will also 
be separated using a storm slope separation technique and statistical 
analyses will be carried out for concentration versus total streamflow 
comparedwith the stormflow component only.
A correction factor as described in section 3.1 will be applied to all 
power relationships and the accuracy and reliability of all models will 
then be assessed and compared.
The upland section of Byarong Creek was chosen for the study for several 
reasons:
1 . The catchment is relatively small ( 4 .2 km2), therefore 
response to storms is fast.
2. The catchment is predominately homogeneous (79% natural 
bush).
3. The catchment area is subject to "flashy" storms.
4. The need to have a local study area so that intensive,
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monitoring observations and maintenance of monitoring 
equipment could be carried out at short notice.
5. The monitoring station was located in an area in which the 
likelihood of vandalism was minimised.
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4. EXPERIMENTAL DATA COLLECTION AND PROCESSING
4.1 STUDY AREA
Byarong Creek is a small coastal stream originating in the lllawarra 
escarpment at Wollongong, 80 kilometres south of Sydney, NSW and 
flowing for some eight kilometres before discharging into the Port Kembla 
Harbour.
The lllawarra escarpment forms the south eastern rim of the Sydney Basin 
and is cliff lined with a maximum height of 400 metres at the head of 
Byarong Creek. The top of the escarpment consists of Hawkesbury 
sandstone which is underlain by predominately Permo-Triasic sedimentary 
rocks consisting of claystone shales and volcanic rocks. These sediments 
are interbedded with fine grained coal seams of commercial significance. 
The slopes below the escarpment remain as steep hills mantled with 
colluvium at selected locations while the lower plains at the base of the 
escarpment consist of unconsolidated sand, silt and clay of alluvial origin 
(Roy & Peat, 1973; Nanson & Young, 1981 b).
The vegetation in the upper reaches of Byarong Creek is predominantly 
rainforest with sclerophyl forest dominated by Euca/ypt species emerging 
in the foothills at the base of the escarpment (Fuller, 1980). Some of the 
foothills have been cleared for grazing and more recently during the last 
15 years urbanisation has extended into the base of the foothills. Figure
4.1 shows the Byarong Creek catchment area above the monitoring
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Figure 4.1 Byarong Creek catchment
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station. Plates 1 to 5 show the upstream section of Byarong Creek and its 
catchment. The total catchment above the monitoring station is 4.229 km2 
and Table 4.1 gives a breakdown of the natural, grazing and urban lands.
TABLE 4.1 Landuse in Byarong Creek Catchment.





Figure 4.2 shows the profile of Byarong Creek between its upper reaches 
and the monitoring station. A  widely used measure of a channel slope is 
drawn such that the area under it equals the area under the 
main channel profile (Linsley et a/, 1982). Using this method it is 
appropriate to divide Byarong Creek into two sections because of the 
distinct change of slope between the upper and lower sections. Hence the 
channel slope in the upland section is 16% and in the lowland section is 
1.3%. Plates 6 and 7 show the lowland section of the creek just prior to 
the monitoring station, under baseflow and stormflow conditions.
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Figure 4.2 Main channel profile of Byarong Creek.
4.2 RAINFALL
It was stated earlier that one of the reasons for choosing Byarong Creek to 
study, was because of the flashy rainfall pattern which can occur in the 
area. Nanson and Young (1981 b) state that the average annual rainfall 
for the coastal plain is between MOO and 1200mm but this increases to 
1600mm near the crest of the escarpment because of the orographic 
effects. In the upper Byarong Creek catchment 24 hour rainfalls increase 
from 240mm at a recurrence interval of 2 years, to 300mm at 5 years and 
to 500mm at 25 years.
During the study rainfall was monitored at three locations as shown in 
Figure 4.1. At the Mt Keira Scout Camp rainfall was measured and 
recorded by Wollongong City Council using a continuous recording
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pluviometer. The Public Works Department used a tipping bucket type 
pluviometer at the Mt Nebo site which recorded 0.5 millimetre increments 
per 5 minute time intervals. At Yates Avenue, daily read rain gauge 
results are recorded for the Department of Meteorology.
During each storm event rainfall was averaged over the study area using 
the Thiessen method (Linsley et <?/, 1982). This involves weighting the 
rainfall from each of the three monitoring locations by the fraction of the 
area within the total catchment that each represented. Because of 
operational problems with the Mt Keira pluviometer, rainfall results were 
not available from this location for some of the later storms, in this case 
the average rainfall was weighted by the areas covered by the remaining 
two stations.
For the purposes of the present study rainfall was recorded as weighted 
average rainfall over the Byarong Creek catchment area at 30 minute time 
intervals for the duration of each storm.
4.3 STREAMFLOW
A monitoring station comprising of a concrete base and manproof fence 
was established adjacent to one bank of the creek which was reinforced 
with rock filled gabian baskets. The bed and opposite bank of the creek 
were natural. The monitoring station is shown in Plate 8. Approximately 
200 metres upstream of the monitoring station a single 1200mm pipe 
discharged runoff from the urban portion of the catchment which is shown
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in Figure 4.1. Approximately 30 metres downstream of the monitoring 
station was a concrete lined trapezoidal channel which continued for some 
50 metres before discharging beneath a road bridge. This trapezoidal 
channel is shown under baseflow and stormflow conditions in Plates 10 and 
„11.
A Bristol pressure type flow level recorder was initially installed in the 
monitoring station. This device utilises an enclosed air filled cylinder 
with a small hole in its base, located near the bed of the creek, to 
monitor pressure changes which are associated with rises in water level. 
These pressure changes are transmitted via a tube to a set of bellows 
which mechanically drive a pen on a recording chart.
Considerable problems were encountered with this recorder including 
inaccuracies resulting from diurnal temperature variations as well as 
mechanical problems with the chart recorder itself. It was somewhat 
fortunate when part of the recording equipment was washed away during a 
major storm event as this enabled the Bristol unit to be replaced with a 
more reliable Fieldman stilling well type, flow level recorder. This 
instrument was found to be most reliable and accurate.
The accuracy of the level recorder was determined by the use of gauge 
plates which were installed in the creek and banks adjacent to the 
monitoring station and these were read regularly during storm events and 
subsequently used to check the calibration of flow level recordings.
The trapezoidal channel was surveyed to determine its actual dimensions
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and marks were made on the channel so that water levels and 
cross-sectional areas could be determined during storm events. See 
Plates 10 and 11.
As the trapezoidal channel approached the road bridge a change of slope 
from gentle to steep caused critical flows to occur at this point. As a 






was used, where Bs is the surface width, A is the cross-sectional area 
and g is gravitational force (Chow, 1959).
Actual stream discharge measurements were also carried out in the 
trapezoidal channel and at the monitoring station during storm events 
using a method similar to that described by Linsley et a/ (1982). This 
involved dividing the width of the flow into 5 equal divisions and 
determining the flow velocity, using a velocity meter, at 0.2, 0.6 and 0.8 
times the depth at each point across the width. The mean vertical velocity 
was calculated for each section and the discharge for each section was 
determined by multiplying by the cross-sectional area. The total stream 
discharge rate was then found by summing the individual sectional 
discharge rates. It was not always possible to carry out velocity 
measurements over the full cross-section during large storm events
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because of the dangerous conditions, see Plate 9. Figure 4.3 shows the 
stage-discharge relationship for the trapezoidal channel based on the 
critical flow determinations and the actual stage-discharge  
measurements.
It was necessary to use the trapezoidal channel as a primary basis for the 
stage-discharge relationship because the channel was stable whereas the 
cross-section  of the creek at the monitoring station changed sometimes 
substantially, during large floods. Hence if the creek cross-section  was 
used for the stage-discharge relationship a separate relationship would 
have to be determined and recalibrated by velocity measurements for 
different storms and the results of gauging for one storm would not 
necessarily be applicable to any other. In practice during each storm, 
several level readings were taken at both the monitoring station and in the 
trapezoidal channel and the relationship between the two was determined 
for each storm. Hence the trapezoidal channel was always used as the 
basic reference and the results obtained by the flow level recorder were 
adjusted accordingly.
A  stage-discharge relationship for the urban stormwater drain was 
calculated from the critical flow equations for part full circular culverts
(s/.ui) 
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Figure 4.3 Stage-discharge relationship for trapezoidal channel based on critical 
flows. Dates indicate actual flow gauging measurements
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as proposed by Boyd (1985)
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0 < ---- < 0.82 (51)
D
where dc is critical depth i.e. depth at the outlet from the pipe and D is the 
diameter of the pipe. The stage-discharge relationship for this pipe is 
shown in Figure 4.4.
Depth (m)
FIGURE 4.4 Stage-discharge relationship for 1200mm stormwater pipe.
Once the stormflow hydrograph was established the baseflow component
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was determined by use of a slope line increasing from the baseflow at the 
beginning of the hydrograph, at a slope of 0.545 L/s/km2/hr, until it 
intersects with the falling stage of the hydrograph. This method was first 
proposed by Hewlett and Hibbert in 1967 and has since been used by 
several workers (eg Hewlett et a/f 1977; Leitch, 1982). Figure 4.5 
shows this baseflow separation technique. This method also allows the 
beginning and end of a storm event to be defined objectively which is 
important for calculation of total discharge and loads for each event.
FIGURE 4.5 Baseflow separation from hydrograph.
4.4 WATER SAMPLIN6 METHODS
In order to determine suspended solids and total dissolved solids 
concentrations in streamflow, samples were analysed for nonfiltrable 
residues (NFR) and electrical conductivity (EC). A Manning, Model 4050S,
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automatic water sampler was used for collecting samples. This sampler 
utilises a compressor to suck water from the stream into one of twenty 
four 500 mL sample bottles. Samples can be collected at a predetermined 
frequency and throughout this study all samples were collected at 30 
minute intervals. The sampling inlet velocity can be adjusted to match the 
streamflow velocity but as stream flow velocity varies during a storm 
event the sampling velocity was set at 1.7 metres per second which is 
equivalent to the stream velocity during an average storm.
The sampler is capable of being initiated by a stage height initiator but was 
usually started manually when a storm event was immi nent to ensure that 
samples representative of the base flow were collected just prior to the 
initial hydrograph rise.
The location of the sample inlet in the stream cross-section is important 
in the case of suspended solids sampling and can lead to errors if too 
close to the bed or to the surface of the stream. For total dissolved 
solids the position of the sampling probe is not so important. Glover and 
Johnson, (1974) found that concentration of dissolved substances did not 
vary significantly throughout the cross-section of a stream. Walling 
(1984) suggested that the actual location of sampling for TDS is not 
critical but a location where turbulent mixing is occurring would be best.
Singhal et al (1981) measured suspended solids concentrations at varying 
depths in rivers and found that the mean concentration occurred at 
mid-depth. They also found that the ratio of this mean sediment
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concentration to surface concentration was 2.353. Loughran (1977) 
compared the results for suspended solids using a depth integrated 
sampler versus surface sample and found little difference between the 
two. Loughran only tested samples with concentrations below 50 mg/L 
however, but it is more likely that greater differences would show up at 
higher concentrations.
In the present study the sampling location was in a reasonably turbulent 
section of the creek and the inlet hose was at a distance of 300 to 400 
millimetres above the stream bed (the depth of the stream bed changed 
during some storms) which under base flow conditions was approximately 
100 millimetres below the surface of the water. Figure 4.6 shows the NFR 
concentrations of samples which were collected at varying depths when 
the flow was 2.03 m3/s, that is, during a relatively intense storm.
FIGURE 4.6 Nonfiltrable residues at varying depths.
6 6
The mean NFR concentration for samples at varying depths was 466 mg/L 
and the sample collected by the Manning Sampler at the same time was 447 
mg/L. While the Manning sample appears to underestimate the mean 
concentration by 4.1% the following points should be taken into 
consideration:
1. The average concentration is increased by higher levels near 
the bed of the stream but the flow velocity near the bed of the 
creek is slower than at the surface. Therefore to obtain a true 
comparison of sediment discharge rates, the concentrations 
should be weighted by the flow at each depth. This would 
reduce the error substantially.
2. The inlet point for the sampler is necessarily fixed during any 
storm event so at high flows it may tend to overestimate the 
mean concentration, since the inlet is relatively closer to the 
stream bottom, while at low flows the tendency would be to 
underestimate the concentration. An optimum depth for all 
conditions has to be determined and accepted.
3. An error of 4% or less is probably within the accuracy of 
sampling because of natural variation the suspended 
sediment concentrations within the creek itself.
Taking the above points into consideration about 300 to 400 millimetres 
above the bed of the creek would appear to be the optimum position for the 
sampling probe inlet in this instance.
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There was no significant difference in the conductivity analyses throughout 
the vertical section of the creek. The mean value was 21.2 with a range 
of ± 0.2 milliSiemens per metre and there was no trend from top to 
bottom of the creek.
4.5 ANALYSES OF WATER SAMPLES
4.5.1 Nonfiltrable Residues.
A ll samples were analysed within two days of collection. Analyses of 
samples for nonfiltrable residues were based on the method described in 
Standard Methods for the Examination of Water and Wastewater (APHA, 
1975). Each sample was completely mixed before a known volume was 
extracted and filtered through a standard glass fibre filter paper 
(Whatman Type GFC) assisted by vacuum. These filters do not have a 
specified pore size because of their fibrous nature but they usually retain 
particles greater than 0.45 micrometres in diameter. This does not 
include colloidal size particles.
The filter paper which had been pre-dried to a constant weight at 105°C 
and weighed, was re-dried with the filtered sediment and reweighed. The 
difference between the weights is the amount of sediment retained and by 
dividing this by the initial volume of the sample, the concentration of 
nonfiltrable residues is expressed in milligrams per litre.
6 8
4.5.2 Electrical Conductivity.
Again all samples were analysed within two days and most within 24 hours 
of collection. Walling (1984) points out that this timing is more important 
for conductivity than for nonfiltrable residues because some dissolution 
may continue to occur during storage of samples.
Conductivity measurements were made using a Beckman conductivity 
bridge which standardized readings to 25°C. The SI units used for 
expressing electrical conductivity (EC) are milliSiemens per metre 
(mS/m). Total dissolved solids were expressed as 6.19 times EC as 
discussed in Section 2.2.1.
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5. RESULTS AND DISCUSSION
5.1 SUMMARY OF RESULTS
The monitoring station was first operational in October 1985 and a total of 
ten storm events were well recorded up to September 1986. Data was 
not available for some storm events during this period because of 
equipment malfunctions and loss of monitoring equipment which occurred 
during one large storm in December 1985.
The raw data for flow, rainfall, nonfiltrable residues and electricial 
conductivities for these events are presented in Appendix 1.
5.2 RAINFALL
The rainfall data in Appendix 1 represents total rainfall in millimetres, 
averaged over the study catchment area, for each 30 minute period 
throughout each storm event. The total rainfall for the study period from 
October 1985 to September 1986 was 1433 millimetres comparedwithan 
average annual rainfall of between 1400 to 1600 millimetres based on long 
term data for Mt Keira and surrounding rainfall monitoring stations 
(Johnson, 1976). The maximum 24 hour rainfall during the study period 
was 180mm on 14 December 1985, and it was during this storm that the 
monitoring equipment was washed away. This rainfall intensity was less 
than the two-year recurrent rainfall intensity of 240 mm in 24 hours (see 
Section 4.2), hence the rainfall conditions during the study period can be 
regarded as being representative of long term averages for this area.
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5.3 STREAMFLOW
Flows were calculated as described In Section 4.3 and are presented In 
Appendix 1 as instantaneous flows at 30 minute time intervals for each 
storm event.
Byarong Creek is perennial, although base flows between storm events 
were usually low at approximately 0.02 m3/s. The maximum flow 
recorded was 8.639 m3/s on 6 August 1986. The base flow separation 
from stormflow, as described in Section 4.3, is shown for a single peak 
event (2 May 1986) and a multiple peak event (13 October 1985) in Figure 
5.1.
This method allows storms to be divided into discrete quantifiable events 
where total flows and pollutant loads can be calculated. The method 
however, loses its validity when continuing spasmodic rainfall at the end 
of an event prevents the hydrograph from levelling off. This occurred 
after the storm event on 5 August 1986 and in this case the end of the 
storm event was chosen arbitrarily by ignoring the effects of the 
post-storm spasmodic rainfall. This storm is shown in Figure 5.2. This 
arbitrary separation has the advantage of allowing the storm to be treated 
as a discrete event and it is not likely to cause significant errors since 
both flows and pollutant loads are low at the tail end of the hydrograph 
compared with the loads discharged during the middle of the hydrograph.
The stormwater pipe which drains the urban area was not monitored for 







Figure 5.1 Baseflow and streamflow separation for (a) single 
peak event and (b) multiple peak event
Flow
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Figure 5.2 Baseflow separation for storm event on 5 August 1985 'VJ
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73
event on 17 April 1986. During this event the total discharge for the creek 
was 2040 m3 while the equivalent discharge from the urban stormwater 
drain was 162 m3. Thus although the urban area was only 3% of the total 
catchment it accounted for 7.9% of the total runoff. This is to be expected 
because of the greater proportion of impervious surfaces in the urban 
area. It should be noted that this particular storm was the smallest event 
monitored during the study period and in such small storms the natural 
catchment has a high infiltration rate. During larger storms the 
catchment becomes more saturated and there is relatively less difference 
in runoff between a natural catchment and an urbanized catchment.
5.4 NONF1LTRABLE RESIDUES.
The NFR results showed many of the traits which have been described by 
previous workers and are discussed in Section 2.1. Figure 5.3 shows 
examples of both lead and lag of concentration peaks comparedwith 
hydrograph peaks, Figure 5.4 shows that in multiple peak events there is 
some exhaustion of sediment supplies which results in reduced NFR peaks 
relative to subsequent hydrograph peaks. Figure 5.5 shows examples of 
clockwise and anticlockwise hysteresis loops and Figure 5.6 shows the 
general shape of hysteresis loops for NFR for each storm event.
There was no general trend for sediment peaks to precede hydrograph 
peaks for either large or small storms and this is most likely because of 
the small size of the catchment area and possible uneven rainfall 
distribution. Similarly there was no general trend in the shape of 
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Figure 5.3 Examples of peak non f i l t r ab l e  res idue 
concentrat ions  (a) preceding and (b) 
















Figure 5.5 Examples of (a) clockwise and (b) anticlockwise 
hysteresis loops for nonfiltrable residues 
versus flow
Fig 5 .6  General shapes of hysteresis loops for log NFR versus log flow.
13 October 1 9 8 5
2 6  November 1 9 8 5
2 9  March 1 9 8 6
2 8  A p ril 1 9 8 6
5  May 1 9 8 6
2 5  November 1 9 8 5
5  March 1 9 8 6
17 A p ril 1 9 8 6
2  May 1 9 8 6
5  August 1 9 8 6
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5 August 1986 appear quite random. Of the remaining storms, four 
exhibit clockwise hysteresis loops and three anticlockwise. Although 
hysteresis loops generally give an indication of the degree of sediment 
exhaustion, in this study it appears to be mainly the lead or lag of the 
sediment peak which dominates the shape of each hysteresis loop.
The concentration of NFR in the baseflow before any storm commenced was 
usually below 6 mg/L and the maximum concentration during any storm 
was 1049 mg/L, recorded on 6 August 1986. The total load of NFR from 
the stormwater pipe draining the urban area on the 17 April 1986 was 
estimated to be 20.4 kilograms. The load for the entire catchment was 
190 kilograms. Again this is disproportionately high (10.7%) compared to 
the relative size of the urban catchment area. It is likely however, that 
during larger storms the proportion of sediment load from the urban area 
would be considerably lower because most of the available sediment would 
be flushed out during the initial part of the storm and subsequent rain 
would not produce much more sediment from the sealed surfaces.
Microscopic examination of the dried sediment revealed that the particles 
were generally less than 0.5mm diameter but identification of the source 
of sediment i.e. channel versus catchment, was not evident from such 
examination. After the larger storms (13 October 1985, 14 December 
1985, 6 August 1986) there were obvious changes to some sections of the 
creek bed and banks in the lowland areas just upstream of the monitoring 
station. Some sediment must have originated from these sources during 
these large events but it is unknown whether this sediment was 
transported as bed-load or suspended-load. There was no noticeable
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change to the channel bed or banks during or after the smaller storms.
There was no evidence to suggest that sediment production was greater 
from the grazing area compared with the natural bush. The grazing area 
was well grassed and was only used for resting cattle, for a few days at a 
time, on their way to the abattoirs. No part of the grazing area was 
ploughed during the study period. The natural bush area generally had a 
complete canopy cover which would break the rainfall intensity but the 
ground surface was not protected as well as in the grassed area. The 
natural bush area was steeper than the lower sections of the creek and the 
creek bed consisted of large rocks and small waterfalls. Although these 
upper sections of the creek are subject to high energy flows there 
appeared to be no particularly obvious sources of suspended sediments 
other than the catchment land surface. The above observations suggest 
that the study catchment area has no unusually large, readily erodible 
sediment sources and this is confirmed by the NFR results which are 
generally low compared with other studies as described in Section 2.1.2.
There was no noticeable difference between nonfiltrable residue 
concentrations during summer versus winter. Even if there was a 
difference, the study period was not long enough to draw any significant 
conclusions about seasonal variations. Such differences would have to be 
determined over several years.
5.5 ELECTRICAL CONDUCTIVITY
The baseflow EC prior to the commencement of each storm event varied
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from 30.1 to 46.6 mS/m and the minimum EC recorded was 13.6 mS/m on 
6 August 1986. There was no distinct seasonal trend in baseflow EC 
concentrations. Samples were collected from various tributaries leading 
to Byarong Creek under dry weather conditions and the following results 
were recorded:
Upstream in natural area 24.8 mS/m
Below grazing area 53.3 mS/m
Stormwater drain (low flow) 48.0 mS/m
These results indicate that the grazing area is the greatest source of 
dissolved solids under base flow conditions and may therefore also be the 
greatest relative contributor of dissolved solids during storm conditions.
Compared with NFR results there is a marginally improved relationship 
between EC concentrations and streamflow, with a general decrease in EC 
concentration with increasing flow. Figure 5.7 shows examples of EC 
troughs preceding and lagging behind hydrograph peaks, Figure 5.8 shows 
examples of clockwise and anticlockwise hysteresis loops and Figure 5.9 
shows the general hysteresis loop for each storm event. There is a more 
general trend for hysteresis loops to be clockwise in the case of 
electrical conductivity than for nonfiltrable residues. This is most likely 
due to the higher concentrations of EC in the initial runoff because of 
increased quantity of available solutes in the soil. This is followed by a 
trough in the EC concentration when maximum dilution occurs and then as 
the groundwater and interflow components slowly increase, the EC 












Figure 5.7 Examples of electrical conductivity troughs









Figure 5.8 Examples of (a) clockwise and (b) anticlockwise 
hysteresis loops for electrical conductivity 
versus f1ow
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2 5  November 1 9 8 5
2 6  November 1 9 8 5
2 9  March 1 9 86
2 8  A p ril 1 9 86
5  May 1 9 86
5  March 1 9 86
17 A p ril 1 9 86
2  May 1 9 8 6
5 August 1 9 8 6
Fig 5 .9  General shapes of hysteresis loops for EC versus log flow.
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contact with the soil. This effect was observed by other workers and is 
discussed in detail in Section 2.2.2. in general electrical conductivity 
results tended to be more closely related to flows (although inversely) 
than nonfiltrable residues.
6. STATISTICAL ANALYSIS OF DATA
6. 1 NONFILTRABLE RESIDUES
The first model to be investigated was the simple rating curve technique 
which has been used by many others for predicting suspended solids 
concentrations from streamflow. The relationship between log NFR 
concentration and log flow for all data is shown graphically in Figure 6.1. 
The regression analysis statistics for this simple model are given in Table
6 .1 which shows an R2 value of 53% at a significance level of 0.1%.
A scatter plot of log NFR against log streamflow in Figure 6.1, shows two 
distinct patterns in the results and because of this, the regression line 
does not fit the data well. In an attempt to improve the explanation of the 
total variance of the NFR concentrations, the data was divided into rising 
stage and falling stage flows and the modified data are shown graphically 
in Figure 6.2. This improved the R2 value from 53% for the combined data 
to 62% for the rising stage data but the falling stage was reduced to 49%. 
Figure 6.1 also showed a definite distinction for NFR concentrations 
between low flow (<0.48 m3/s) and high flow (>0.48 m3/s) conditions 
hence, the combined data was separated into these two arbitrary flow 
categories and results are shown in Figure 6.3. The subdivision into high
Table 6.1 Linear regression analysis for log NFR versus log flow.
Data Constant Slope R 1 R * (£ ) Sig
level
Residuals 2 SE E 3 n
All data 2.055 0.686 0.728 53 0.001 Fair 0.371 263
Rising stage 2.236 0.868 0.793 62 0.001 Fair 0.403 93
Falling stage 1.969 0.599 0.702 49 0.001 Fair 0.339 170
< 0.48m3/s 2.608 1.312 0.665 44 0.001 Fair 0.369 171
> 0.48m V s 1.937 0.842 0.633 39 0.06 Good 0.293 92
Rising stage:
< 0.48m3 /$ 2.779 1.471 0.733 54 0.001 Fair 0.394 63
> 0.48m s/s 2.316 0.376 0.383 15 0.001 Fair 0.383 28
Falling stage: 
< 0.48m5/s 2.476 1.175 0.584 34 0.001 Good 0.361 110
> 0.48m 3/s 1.821 0.965 0.753 56 0.001 Poor 0.226 62
1 Correlation coefficient.
2 Good = random distribution, ±2.0; Fair *  some trend, ±2.5; Poor *  non random distribution.



























Figure 6.2 Relationship between log NFR and log flow 




Figure 6.3 Relationship between log NFR and log flow for 
(a) flows <0.48m3/s and (b) flows >0.48m3/s
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and low flows was suggested by Grimshaw and Lewin (1980) when they 
found a difference in the colour of sediments at different flows and 
identified the sediments in the high flows as predominantly being of 
channel origin while those in low flows as primarily of catchment origin*
it is difficult to compare Grimshaw and Lewin's results with the present 
study because the former was on a catchment of 170 km2. it is interesting 
to note, however, that Grimshaw and Lewin found a steeper slope for the 
NFR-flow relationship at higher flows comparedwithlower flows whereas 
the reverse has been observed in this present study. The reason for this 
is unclear as it would be expected that higher flows would generate higher 
concentrations of sediment because of the added sediment from stream 
channel erosion. The reason may be related to sediment exhaustion 
occurring more rapidly in a small catchment and in the case of Byarong 
Creek there is little store of finer sediments in the upper Section of the 
creek because it is essentially rocky in nature. See Plate 1.
Although the regression slope lines for low and high flows as shown in 
Figure 5.3 appeared visually to better fit these subdivided data compared 
with the combined data, the calculated R2 values, as shown in Table 5.1, 
were not improved over those obtained for the combined data. The flow 
data was then further subdivided into the four combinations of rising, 
falling, low and high flow and these results are shown in Figure 5.4 and 
tabulated in Table 5.1. This improved the R2 values for rising stage-high 
flows (54%) and falling stage-high flows (55%) but the remaining 
subdivisions showed a lower level of statistical explanation of the 
variance compared with the simple rating curve for the combined data
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Log Flow
Figure 6.4 Relationship between log NFR and log flow for
3
(a) rising stage <0.48m /s, (b) rising stage 
>0.48m3/s, (c) falling stage <0.48m3/s and 










(5 3 % ). A l l  c o rre la tio n s  fo r  the subdivided data w e re  at a sign ificance  
le v e l of 0.1%  and the stan d ard ized  res id u a ls  w e re  fa ir  to good.
The second type of model to  be investigated  was a m u ltip le  lin e a r  
re g re s s io n  analys is  of a ll the  d a ta . In an attem pt to im pro ve the degree  
of explanation  a te rm  was in troduced into a m u ltip le  lin e a r  reg ress io n  
analys is  to  account fo r  the exhaustion of sedim ent which was shown to  
occur during some sto rm  even ts . The te rm  chosen was the cum ulative  
f lo w  fro m  the beginning of a s to rm  event to the tim e  of sam pling and it was 
expected th a t NFR concentrations would be p o s itive ly  re la te d  to  flo w  but 
in v e rs e ly  re la te d  to the cu m ulative  flo w . F u rth e rm o re  flo w  and 
cu m u lative  flo w  should not th em selves  be s tro n g ly  c o rre la te d  since the  
flo w  at the tim e  of sam pling is independent of the cum ulative flow  up to  
th a t t im e . This hypothesis was supported by a c o rre la tio n  analysis  
between flo w  and cu m ulative  flo w  which produced a c o rre la tio n  co effic ien t 
of on ly  0 .4 7 6  ( R 2 = 23%) fo r  a ll the flow  data .
T ab le  6 .2  shows the re s u lts  of m u ltip le  reg ress io n  analyses between log 
NFR against log flo w  and log cu m ulative  flo w  (2 Q ) .  The e x tra  te rm  only  
m a rg in a lly  im proved  the degree of explanation of s ta tis tic a l va ria n ce  
(Ra2 = 55%) over the combined data (53% ) but made a g re a te r  im provem ent 
fo r  the  subdivided d a ta , ris ing  s ta g e -lo w  flo w  (5 9 % ), ris ing  stage-h igh  
flo w  (79% ) and fa llin g  s tag e-h igh  flo w  (7 6 % ), w h ile  fa llin g  s ta g e -lo w  flow  
showed a lo w e r c o rre la t io n  ( Ra2 = 34% ). In a ll cases the lev e l of 
sign ificance was 0 .1% .
By observation  of the  s c a tte r  p lots and by rev ie w  of the s ta tis tic a l





( F-ra t io )Data a *1 *2 R R i f t * ) 2
3
Residuals SEE 4 n
All data log NFR 2 .6 4 5 0 .8 4 4 -0 .1 3 0 0 .7 4 4 55 0.001 Good 0 .3 6 4 2 6 3
Rising stage log NFR 1.471 0 .6 26 0 .187 0.801 63 0.001 Good 0 .3 9 7 93
Falling stage log NFR 3 .0 6 9 0 .8 45 -0 .2 3 2 0 .7 4 3 55 0.001 Fair 0 .3 2 0 170
< 0 .48m 3/s log NFR 2 .5 98 1.308 0 .002 0 .6 6 5 4 4 0.001 Good 0 .3 7 0 171
> 0 .48m 3/s log NFR 4 .1 67 1.007 -0 .4 6 4 0 .8 9 8 80 0.001 Good 0 .1 6 8 92
Rising stage
< 0 .4 8 m 3/s log NFR 1.151 0 .8 2 5 0 .3 5 4 0 .7 76 59 0.001 Good 0 .3 6 8 63
> 0.48m  3/s log NFR 5 .5 07 1.390 -0 .7 9 3 0 .8 99 79 0.001 Fair 0.151 28
Falling stage 
< 0 .4 8 m 3/s log NFR 2 .8 47 1.232 -0 .0 8 5 0 .5 9 2 34 0.001 Fair 0 .3 6 0 110
> 0.48m  3/s log NFR 3 .8 23 0 .9 76 -0 .3 9 5 0 .8 7 7 76 0.001 Fair 0 .1 6 6 62
1. a = constant; x 1 = logflow; X2 = H o g  flow (from  start of each storm event to time of sampling).
2. Ra2 = ad] usted R 2 ( R correlation coefficient).
3. Good = random distribution ,± 2 .0; Fair = some trend, ± 2 .5 ;  Poor = significant trend.
4. SEE = standard e rro r of estimate.. ^
V>4
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analyses re s u lts  in Tab les 6 .1  and 6 .2 ,  it  is suggested th a t two of the  
m odels could best be used fo r  p red ic ting  NFR co n cen tra tio n s . The f i r s t ,  
Model 1, is th e  s im p le  reg res s io n  of log NFR ve rs u s  log flo w  fo r  the  
com bined data and the second, Model 2 , is the m u ltip le  reg ress io n  
analys is  of log NFR with log flo w  and log cum ulative  flo w  fo r  each of the  
com binations of the  fo u r flo w  subdivisions i . e .  ris ing  s ta g e -lo w  flow  
(< 0 .4 8  m3/ s ) ,  ris ing  s tag e-h igh  flo w  (> 0 .4 8  m3/ s ) ,  fa llin g  s ta g e -lo w  flow  
(< 0 .4 8  m3/ s )  and fa llin g  stage-h igh  flo w  (> 0 .4 8  m3/ s ) .
Model 1 is s im p le  to  ap p ly , although not p a r t ic u la r ly  a c c u ra te , w hile  the  
second has an in creased  accu racy  but req u ires  m ore data co lle c tio n  and 
m anipulation b e fo re  being ab le to  be used. The useful fo rm s  of the  
equations a re  presented  hereunder and in each case the e r r o r  te rm  
associated with the antilog tra n s fo rm a tio n s  is c o rre c te d  as described in 
Section 3 .1 .
MODEL 1 . S im ple re g re s s io n , a ll d ata .
Log tra n s fo rm e d  biased data
log NFR = 2 .0 5 5  + 0 .6 8 6  log Q
NFR = 1 0 2 055 x Q 0 686 x e
e = exp (2.65 s2 )
= 1 .4 4
Corrected equation
NFR = 163 Q 0.686 (5 2 )
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MODEL 2 . M u ltip le  re g re s s io n , subdivided d a ta .
Rising stage ( < 0 .4 8  m5/s  )
Log tra n s fo rm e d  biased data
log NFR = 1.151 + 0 .8 2 5  log Q + 0 .3 5 4  log 2  Q
NFR = 10 1151 x Q  0 825 x 2  Q 0 354 x e
e = exp (2.65 s2 ) 
= 1 .4 3
C o rre c ted  equation
NFR = 2 0 .3  Q 0-825 2  Q 0 354
Rising stage ( > 0 .4 8  m3/ s )
Log tra n s fo rm e d  biased data
log NFR = 5 .5 0 7  + 1 .3 9 0  log Q + 0 .7 9 3  log 2  Q
NFR = 10 5 507 x Q 1390 x 2  Q 0793 x c
e = exp (2.65 s2 )
= 1 .0 6
C o rre c ted  equation
(5 3 )
NFR = 3 4 1 ,3 8 2  Q 1390 2 Q  0793 (5 4 )
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F a lling  stage (< 0 .4 8  m3/s )
Log tra n s fo rm e d  biased data
log NFR = 2 .8 4 7  + 1 .232  log Q -  0 .0 8 5  log 2  Q
NFR = 10 2847 x Q 1,232 x 2  Q ~°m5 x €
€ = exp (2.65 s2 )
= 1.41
C orrected  equation
NFR = 991 Q '-232 2  Q ■° 085 (5 5 )
Fa lling  stage (> 0 .4 8  m3/ s )
Log tra n s fo rm e d  biased data
log NFR = 3 .8 2 3  + 976 log Q -  0 .3 9 5  log 2  Q
NFR = 1 0  3 823 x Q 0,976 x 2  Q ~°395 x e
€ = exp (2.65 s2 )
= 1 .0 8
C orrected  equation
NFR = 7 ,1 5 7  Q 0*976 2  Q "°-395 (5 6 )
In the above equations NFR is the concentration of n o n filtra b le  residues in 
m g /L , Q is the s tre a m flo w  in cubic m etres per second, 2  Q is the
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cu m u lative  s tre a m flo w  fro m  the s ta r t  of a s to rm  to  the tim e  of sam pling ,
in cubic m e tre s , e is a c o rre c tio n  fa c to r  and s2 is the  square of the  
stan dard  e r r o r  of e s tim a te  fo r  the  m odel.
The co m p ara tive  r e lia b il ity  of these m odels can be also  be assessed by 
plo tting  the observed NFR concentrations along with pred ic ted  va lues using 
Models 1 and 2 . These a re  shown fo r  se lec ted  s to rm  events in F igure 6 .5 .  
It is obvious when com paring the m odels in F igure 6 .5  th a t the s im ple  
ra ting  c u rv e , Model 1, tends to  averag e out the peaks and tro u g h s . A lso  
the  s im p le  rating  cu rve  fa ils  to  take  into account any exhaustion effects  
which can be seen c le a r ly  in F igure  6 .5  a )  and b ) w here Model 1 
u n d erestim ates  the concentrations at the beginning of the sto rm  event and 
o v ere s tim a te s  it  at the  end of the s to rm . The m u ltip le  regress ion  
a n a ly s is , Model 2 , a lso  shown in F igure 6 .5 ,  m ore re lia b ly  pred ic ts  the  
observed va lues  but loses its  accu racy  when sharp peaks o r troughs  
o c c u r. This is because the NFR peaks often precede o r lag behind 
hydrograph peaks and reg res s io n  models a re  s im p ly  not capable of 
pred ic ting  such e ffe c ts  unless some tim e  vary in g  function is used. An 
a lte rn a tiv e  method fo r  pred ic ting  to ta l suspended sedim ent loads based on 
individual s to rm  events is developed in Section 6 .3 .
6 .2  ELECTRICAL CONDUCTIVITY
S ta tis tic a l analyses of e le c tr ic a l conductiv ity  m easurem ents w e re  c a rr ie d  
out in a s im ila r  m anner to  th a t described in the previous Section fo r  
n o n filtra b le  res id u es . F igures 6 .6  through to  6 .9  show the re la tio n sh ip  
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Figure 6.5 Nonfiltrable residues, observed and predicted for Models 1 and 2
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Figure 6.5 (continued) Nonfiltrable residues, observed versus predicted for 
Models 1 and 2
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Figure 6.5 (continued) Nonfiltrable residues, observed versus predicted for 
Models 1 and 2 oo
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Log Flow
Figure 6.6 Relationship between log electrical conductivity 
and log flow for all data
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Log Flow
Figure 6.7 Relationship between log electrical conductivity 
and log flow for (a) rising stage and (b) falling 
stage
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Figure 6.8 Relationship between log electrical conductivity 




Figure 6.9 Relationship between log electrical conductivity
3
and log flow for (a) rising stage<0.48m /s,
(b) rising stage>0.48m /s, (c) falling stage 





data into ris ing  s ta g e -lo w  flo w  (< 0 .4 8  m3/ s ) ,  ris ing  s tag e-h igh  flo w  
(> 0 .4 8  m3/ s ) ,  fa llin g  s ta g e -lo w  flo w  (< 0 .4 8  m3/ s )  and fa llin g  s tag e-h igh  
flo w  (> 0 .4 8  m3/ s ) .  Tab le  6 .3  shows the re s u lts  of s im p le  reg res s io n  
analys is  of log EC against log flo w  w hile  Table 6 .4  shows re s u lts  of 
m u ltip le  reg res s io n  of log EC against log flo w  and log cu m ulative  flo w . As 
was expected these  fig u re s  show an in v e rs e  re la tio n sh ip  between EC 
co ncentra tion  and flo w  because of d ilu tion  of the  dissolved solids by 
increas ing  flo w .
M u ltip le  reg res s io n  shows no re a l im provem ent in the lev e l of s ta tis tic a l 
explanation  (Ra2 = 58%) fo r  ECcompared w ithsim ple reg ress io n  (58% ) fo r  
the com bined data (s ig n ific an c e  lev e l 0 .1 % ). M u ltip le  reg ress io n  analysis  
of the subdivided data shows only a m arg inal im provem ent over sim ple  
reg res s io n  fo r  the  sam e subdivisions. The fac t that the coeffic ien ts  fo r  
cu m u lative  flo w  (E Q ),  in the m u ltip le  reg ress io n  an a lys is , a re  som etim es  
negative and som etim es positive and th a t these coeffic ien ts  a re  re la t iv e ly  
sm a ll ( -0 .0 0 1  to  0 .0 9 5 ) ,  im p lies  th a t cum ulative flo w , p r io r  to tim e  of 
sam p lin g , does not p lay  as im p o rtan t a ro le  in s ta tis tic a l explanation of EC 
concentra tions as in NFR co n cen tra tio n s .
Models s im ila r  to  those developed fo r  n o n filtra b le  residue concentrations  
in the  previous Section a re  presented  hereunder in a usable fo rm  with the  
e r r o r  te rm  a p p ro p ria te ly  c o rre c te d .
Table 6.3 Linear regression analysis for log conductivity versus log flow.
Data Constant Slope R 1 R * (S ) S1g
level
Residuals 2 SEE 3 n
All data 1.301 -0.140 0.764 58 0.001 Fair 0.066 218
Rising stage 1.317 -0.128 0.658 43 0.001 Good 0.094 65
Falling stage 1.295 -0.142 0.810 66 0.001 Fair 0.056 154
< 0.48m V s 1.276 -0.168 0.513 26 0.001 Fair 0.072 148
> 0.48m V s 1.310 -0.157 0.650 41 0.001 Good 0.051 71
Rising stage:
< 0.48m V s 1.305 -0.146 0.491 24 0.001 Good 0.081 45
> 0.48m V s 1.308 -0.077 0.268 7 n/s Fair 0.096 18
Falling stage*. 
< 0.48m V s 1.253 -0.189 0.540 29 0.001 Fair 0.065 100
> 0.48m 3/s 1.312 -0.193 0.877 76 0.001 Poor 0.027 56
1 Correlation coefficient.
2 Good *  random distribution, ±2.0; Fair «sometrend, ¿2.5; Peer = non random distribution.
3 Standard error of estimate.





(F -ra t io )Data a * 1 x 2 R Ra2 ^ ) 2 Residuals3 SEE 4 n
All data log EC 1.301 -0 .1 4 0 -0 .0 0 1 0 .7 6 4 58 0.001 Fair 0 .0 6 6 21 9
Rising stage log EC 1.312 -0 .1 3 0 0.001 0 .6 5 8 41 0.001 Good 0 .0 8 7 65
Falling stage log EC 1.222 -0 .1 6 0 0 .0 1 5 0 .8 1 3 66 0.001 Poor 0 .0 5 6 154
< 0 .4 8 m 3/s log EC 1.285 -0 .1 6 6 -0 .0 0 2 0 .5 1 3 25 0.001 Fair 0 .0 7 2 148
> 0 .4 8 m 3 /s log EC 1.315 -0 .1 5 7 -0 .0 0 1 0 .6 5 0 41 0.001 Good 0.051 71
Rising stage:
Good 45< 0.48m  3/s log EC 1.426 -0 .0 9 7 -0 .0 2 7 0 .5 1 0 22 0.01 0 .0 8 2
> 0 .4 8 m 3 /s log EC 0 .9 2 7 -0 .2 2 2 0 .0 9 5 0 .4 3 3 5 n/s Fair 0 .0 9 3 18
Falling stage: 
< 0.48m  3/s log EC 1.193 -0 .1 9 6 0 .0 1 4 0 .5 4 5 28 0.001 Fair 0 .0 6 5 100
> 0.48m  3/s log EC 1.383 -0 .1 9 0 -0 .0 1 4 0 .8 8 3 77 0.001 Fair 0 .0 2 6 56
1 a = constant; x ] = log flow; X 2  = I  log flow (from start of each storm event to time of sampling).
2 Ra2 = adjusted R 2 (R  correlation coefficient).
3 Good= random d is t r ib u t io n 2.0; Fair = some trend, ± 2.5; Poor = significant trend.
4 SEE = standard e rro r of estimate.
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MODEL 1 . S im ple re g re s s io n , combined d a ta .
Log tra n s fo rm e d  biased data
log EC = 1.301 + 0 . H O  log Q
EC = 10 1301 x Q ~ 0*140 x €
€ = exp (2.65 s2 )
=  1.01
C o rre c ted  equation
EC = 2 0 .2  x Q - ° * 140
MODEL 2 . M u ltip le  re g re s s io n , subdivided d ata .
Rising stage ( < 0 .4 8  m3/s )
Log tra n s fo rm e d  biased data
log EC = 1 .4 2 6  -  0 .0 9 7  log Q - 0 .0 2 7  log 2  Q 
EC = 10 1426 x Q  -0  097 „ z  Q 0.027 x  .
e = exp (2.65 S2 )
= 1.02
C o rre c ted  equation
(5 7 )
EC = 27.148 Q "°097 X Q *°027 (58)
1 1 0
Rising stage ( > 0 .4 8  m5/ s )
Log tra n s fo rm e d  biased data
log EC = 0 .9 2 7  “  0 .2 2 2  log Q + 0 .0 9 5  log 2  Q
EC = 10 0 927 x Q "°‘222 x I  Q 0 095 x €
€ = exp (2.65 s2 )
=  1.02
C o rre c ted  equation
EC = 8 .6 5  Q “0-222 2 Q  0.095 (5 9 )
F a llin g  stage (< 0 .4 8  m3/ s )
Log tra n s fo rm e d  biased data
log EC = 1 .1 9 3  - 0 . 1 9 6  log Q - 0 . 0 1 4  log 2  Q
EC = 10 1193 x Q ’ ° '196x 2 Q  0014 x €
e = exp (2.65 s2 )
= 1.01
C o rre c ted  equation
EC = 1 5 .7 7  Q - 0.196 2  Q 0.014 (6 0 )
I l l
F a llin g  stage (> Q .48 m3/ s )
Log tra n s fo rm e d  biased data
log EC = 1 .3 8 3  -  0 .1 9 0  log Q -  0 .0 1 4  log 2  Q
EC = 10 1383 x Q ~°'1̂ 0 x 2  Q " ° 014 x e
€ = exp (2.65 s2 )
=  1.00
C o rrected  equation
EC = 2 4 .2 0  Q “0 -190 2 Q  - ° 014 (6 1 )
The above m odels have been used to p red ic t e le c tr ic a l conductivity values  
and these a re  compared with observed values fo r  se lected  storm s in Figure  
6 .1 0 .  The graphs show that reg a rd le ss  of the model used the e le c tr ic a l 
conductiv ity  va lues fo llo w  reasonably c lo s e ly  to the observed values  
except w here  peaks o r troughs o ccu r. This was also the case with 
p red ic ted  va lues of n o n filtra b le  residues but in the case of e le c tr ic a l 
conductiv ity th e re  Is a s lig h tly  im proved re la tio n sh ip .
6 .3  ANALYSIS OF EVENT DATA
6 .3 .1  N o n filtra b le  Residue.
The th e o re tic a l basis fo r  considering analysis of data fo r  separa te  storm  
events was discussed in Section 3 .3 .  This method involves defining the  





6.10 Electrical conductivity, observed and predicted for Models 1 and 2 




Figure 6.10 (continued) Electrical conductivity, observed versus predicted for 




suspended solids d ischarged during each s to rm  event with to ta l flo w  and 
o th er p a ra m e te rs  which a re  considered to  have an in flu e n c e .
The beginning and end of each event was determ ined  by the use of a s torm  
slope lin e  as described  in Section 5 .3 .  This enabled the s tre a m flo w  to be 
se p a ra te d  into  s to rm flo w  and baseflow  com ponents. The observed to ta l 
load of suspended solids (NFR) discharged during each s to rm  event was 
c a lc u la te d  by
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n
L NFR (Total) " 2  C NFR t x °Tt x 1800 ( 6 2 )
t = o
w here  L NFr (Total) *s ^ e  l ° ad suspended solids discharged during  
the s to rm  event ( k g ) ,  C NFR t  is the instantaneous concentration  of NFR
(m g /L )  at tim e  t ,  Q jt is the s tre a m flo w  (m 3/ s )  at tim e  t ,  1800 is the
num ber of seconds between sam pling periods (3 0  m inutes) and n is the  
to ta l num ber of tim e  in te rv a ls  fo r  the s to rm  even t.
Since the aim h ere  is to  find a method of pred iction  fo r  the suspended 
solids d ischarged during each s to rm  event it is ap p ro p ria te  to separa te  
the  load of suspended solids d ischarged by the e n tire  s tre a m flo w  fro m  
th a t d ischarged by the s to rm flo w  on ly . This is obtained by
n
L NFR = 2  t ^  NFR t  x Q T t ) -  ( C NFRb x Q Bt ^  x 1800
t = o
where L NFR is the load of nonfiltrable residues (kg) in the stormflow
component for the storm event, C NFR b is the concentration of NFR in the 
baseflow (m g/L) as determined by analysis of samples prior to the 
commencement of each storm event and Q Bt is the instantaneous baseflow
(m 3/s )  at time t as determined by the storm slope line. The mean NFR 
concentration in the stormflow for each storm event was then calculated 
by
l NFR
C NFR = n (64)
2 (Qst X 1800) 
t=G
where Qst is the stormflow (m3/s )  at time t. It should be noted that c NFR
is a mean flow-weighted concentration. Table 6.5 shows total 
streamflow, total stormflow, total NFR load in stormflow and mean 
concentration of NFR in stormflow for each storm event.
By considering the data on a storm event basis it is possible to include any 
variable which may have an influence on the total load of suspended solids 
discharged in any event, into a linear regression analysis model. 
Variables, apart from total stormflow which were considered to have a 
possible influence on suspended solids load included, total rainfall, 
maximum 30 minute rainfall intensity, peak streamflow, peakedness index 
(peak streamflow over total streamflow), number of dry days preceding
event and an antecedent rain index Px where




















(m g /L )6
n
13/10/85 1 110.160 106.243 51 0.96 41194 388 49
25/11/85 2 18.000 15.249 47 6 2674 175 2476 162 43
26/11/85 3 3.060 1.886 72 0.75 144 76 468 1248 10
5/3/86 4 2.167 0.726 55 1 15 21 262 190 10
29/3/86 5 3.701 0.959 30 0.08 47 49 277 288 22
17/4/86 6 2.040 0.799 96 4 190 238 81 101 11
28/4/86 7 16.066 9.761 25 11 2122 217 1439 147 40
2/5/86 8 13.066 8.925 30 1 673 75 1305 146 21
5/5/86 9 3.019 0.644 53 3 33 51 102 158 15
5/8/86 10 286.427 226.789 38 5 81597 360 21789 96 67
1 Peak flow divided by total flow.
2 Number of dry days preceding event.
3 Load of non filtrable residues in stormflow.
4 Mean concentration of non filtrable residues in stormflow.
5 Load of total dissolved solids in stormflow
6 Mean concentration of total dissolved solids in stormflow.
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10 Pf
Px = 2  (6 5 )
i=1 i
w here  i is the  num ber of days (inc lud ing  fra c tio n s  of a day) preceding the  
s to rm  event and Pj is to ta l ra in fa ll on day i.
A f te r  considering the possible in te rre la te d n e s s  of the v a ria b le s  and a fte r  
investigating  p re lim in a ry  reg ress io n  analyses including a ll the above 
v a ria b le s  it  was considered th a t to ta l s to rm flo w , flo w  peakedness index 
and num ber of d ry  days a re  the independent v a ria b le s  which most lik e ly  
in flu en ce mean s to rm flo w  NFR co ncentra tion . Some of the o ther  
independent v a ria b le s  such as peak ra in fa ll and peakflow  w ere  found to be 
highly c o rre la te d  resu ltin g  in m u ltic o llin e a r ity  (s e e  Section 3 .2 )  and 
hence could not be considered as t r u ly  independent v a r ia b le s . These 
chosen v a ria b le s  a re  tab u la ted  fo r  each storm  event in Table 6 .5 .
The mean flo w -w e ig h ted  NFR concentra tion  was chosen fo r  regression  
analyses ra th e r  than s im p ly  the NFR load , fo r  the reason as discussed in 
Section 3 .1 ,  th a t is , because flo w  is common to  both the dependent and 
independent v a ria b le s  when the load is used as the dependent v a r ia b le .
A  stepw ise m u ltip le  reg res s io n  analysis was c a rr ie d  out fo r  log mean 
flo w -w e ig h te d  NFR concentra tion  against log s to rm flo w , log num ber of d ry  
days and peakedness index and the re s u lts  a re  shown in Table 6 .6 .  The 
stepw ise reg res s io n  showed an im provem ent in the adjusted R2 (Ra2 ) va lue













CNFR 1.603 0.343 0.759 52 0.05 Good 0.292 10
log Cnfr 1.787 0.292 0.183 - 0.801 54 0.05 Good 0.288 10
log Cnfr 1.407 0.356 0.156 0.007 0.868 63 0.05 Good 0.257 10
^ Mean concentration of NFR in storm flow.
2 Constant.
3 Log total stormflow ( ML).
* Log number of dry days preceding event.
3 Peakedness index (Peak flow over total flow). 
6 Adjusted R squared.
^ Good= random distribution, ±2.0.
° Standard error of estimate.
with addition of each of the  e x tra  independent v a ria b le s  ( i . e .  fro m  52% to  
53%) which im p lies  th a t these independent v a ria b le s  increased  the re a l 
s ta tis t ic a l exp lanation  of the  dependent v a r ia b le . T h e re fo re  a th ird  
m odel, c a lle d  an Event M odel, based on the reg res s io n  analysis  in Table
6 .6  is given as
Event Model fo r  Suspended Solids Load 
Log tra n s fo rm e d  biased data
lo g C NFR = 1 .4 0 7  + 0 .3 5 6  log Qs -  0 .1 5 6  log Dd + 0 .0 0 7  Qpki (6 6 )
i . e .  C Npp = 101-407 X  Qs 0 -3 56 x o d° - 156 x 1q (°-007 Qpki) x €
e = exp (2.65 S2 )
= 1 .1 9
C o rre c te d  data
C NFR = 3 0 .3 7  Qs0-356 Dd0156 10<0007 QPM> (6 7 )
and the usable fo rm  of the equation fo r  ca lcu la ting  the load of suspended 
solids d ischarged during any s to rm  event is
L n f r = 3 0 .3 7  Qs 1356 Dd 0156 10(°-007QPkl> (6 8 )
w h ere  L NFR is the load of suspended solids (k g )  in the s to rm flo w , C NFR is
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th e  mean flo w -w e ig h te d  co ncentra tion  of NFR (m g /L )  in the s to rm flo w , Qg
is the to ta l s to rm flo w  (M L ) ,  Dd is the num ber of d ry  days (inc lud ing
fra c tio n s  of days) preceding the event and Qpki is the peakedness index  
(peak  flo w  [L /s ]  divided by to ta l flo w  [M L ]) as used by Loughran (1 9 8 6 )  
(s e e  Section 3 . 3 ) .
F ig u re  6 .1 1  shows a com parison of observed suspended solids loads with 
p red ic ted  loads using equation 6 8 . Because of the wide range in suspended 
solids loads over the d iffe re n t s to rm  events the re s u lts  in F igure 6 .1 1  are  
shown on a lo g a rith m ic  sca le  and th is  tends to  com press the absolute  
e r r o rs  in the la rg e r  s to rm s . This fig u re  shows th a t the re la t iv e  e r ro rs  
h o w ever, a re  co n sid erab ly  s m a lle r  fo r  the la rg e r  s torm s com pared to  the  
s m a lle r  s to rm s and when considering the to ta l loads of suspended solids 
discharged it is the la rg e r  s to rm s which a re  of g re a te r  p ra c tic a l 
im p o rta n c e . The e r r o rs  fo r  the p red ic ted  loads a re  random ly d istribu ted  
with no tendency fo r  o v e r -  or u n d er-p red ic tio n  of sm a ll s torm s or la rg e  
s to rm s .
6 . 3 . 2 .  Total D issolved S o lids .
It is m ore a p p ro p ria te  to  use to ta l dissolved solids ra th e r  than e le c tr ic a l 
conductiv ity  when considering so lu te loads discharged during storm  
events since the la t te r  cannot be expressed as a load . Conversion of 
e le c tr ic a l conductiv ity  to  to ta l dissolved solids was made using a fa c to r of 
6 .1 9  as discussed in Section 2 . 2 .1 .
The load of to ta l d issolved solids (TDS) d ischarged during each s to rm
NFR
(kg )
Figure 6.11 Nonfiitrable residue loads, observed and predicted using 
Storm Event Model
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event was c a lc u la te d  In a s im ila r  m anner to  th a t fo r  n o n filtra b le  residues  
as described  in the previous section and is expressed  in a s im ila r  m anner 
to  equations 6 2 , 6 3 , and 64 except rep lac ing  NFR with TDS. The re s u lta n t  
loads a re  given in Tab le  6 .5  along with the loads fo r  NFR and o ther  
independent v a r ia b le s .
A  stepw ise m u ltip le  reg res s io n  analysis  was c a rr ie d  out fo r  mean TDS 
co ncentra tion  against s to rm flo w , num ber of d ry  days preceding the event 
and peakedness index and the re s u lts  of th is analysis a re  shown in Table  
6 .7 .  This ta b le  shows th a t although the c o rre la tio n  co effic ien t increases  
with each e x tra  v a r ia b le  the adjusted R2 va lu e  (Ra2 ) decreases when the  
peakedness index is added to  the equation. Hence the best Event Model in
th is  case is with the independent v a ria b le s  of flo w  and num ber of d ry  days
preceding the even t. The equation fo r  th is model is given as
Event Model fo r  Total D issolved Solids
Log tra n s fo rm e d  biased data
log  C j q s  = 2 .3 2 6  -  0 .0 4 2  log Qs -  0 .1 8 9  log Dd (6 9 )
i . e .  C tds = 10 2326 x Qs 0 0 4 2 x Dd 0 ,89 x  €
e = exp (2.65 S2 )
= 1 .0 5 7















togC-ros 2.262 -0.093 0.509 15 0.15 Fair 0.145 9
logCrDS 2.326 -0.042 - 0 .1 8 9 - 0.829 58 0.05 Good 0.145 9
log Ct d s 2.377 -0.047 -0.161 -0.002 0.848 57 0.07 Good 0.104 9
1 Mean concentration of TDS in stormflow.
2 Constant.
3 Log total stormflow (ML).
*  Log number of dry days preceding event.
3 Peakedness Index (Peak flow over total flow).
~ Adjusted R squared.
7 Good = random distribution, ±2.0. Fair *  fair distribution, ±25. 
® Standard error of estimate.
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C o rre c te d  data
Cjds» 2 2 3 .9 7  Qs - ° M 2  Dd °-189 (7 0 )
and th e  usable fo rm  of the equation fo r  ca lcu la tin g  TDS loads is
L r a  = 2 2 3 .9 7  Qs °-95 8Dd (M89'd (7 1 )
w h ere  CygS is the mean flo w  weighted co ncentration  of TDS (m g /L )  in the  
sto rm  flo w , L-j^gis the to ta l load of TDS (k g )  in the s to rm flo w , Qs is the
to ta l s to rm flo w  (M L ) and Dd is the num ber of d ry  days p r io r  to  
com m encem ent of the s to rm  even t.
F igure  6 .1 2  shows the observed and pred ic ted  loads of TDS using the storm  
event based model in equation 7 1 . This fig u re  shows that the e r ro rs  a re  
ran d o m ly  d is trib u ted  between the sm a ll and la rg e  storm s and the la rg e s t  
e r r o r  reco rd ed  is fo r  the s m a lle s t s to rm  event.
6.4. COMPARISON OF PROPOSED MODELS
T h re e  types of m odels have been proposed fo r  pred iction  of NFR and TDS 
lo ad s. Model 1 (s e e  equation 52 and 5 7 ) is based on a s im ple regression  
an alys is  between the p o llu tan t concentration  and s tre a m flo w  w hile  Model 2 
(s e e  equations 53 to 56 and 58 to  6 1 ) is based on m u ltip le  regression  
analyses of data which have been subdivided into fo u r d iffe re n t flow
H  Observed M Predicted
Event No
Figure 6.12 Total dissolved solids loads, observed and predicted using 
Storm Event Model
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re g im e s , v iz .  ris ing  s ta g e -lo w  flo w , ris ing stage-h igh  flo w , fa llin g  
s ta g e -lo w  flo w  and fa llin g  stage-h igh  flo w . The th ird , Event Model (s e e  
equations 68 and 7 1 ) uses m u ltip le  reg res s io n  analysis to p red ic t 
p o llu tan t loads on a s to rm  event basis using independent v a ria b le s  
p e c u lia r  to  each s to rm  even t.
The f i r s t  tw o m odels a llo w  instantaneous concentrations and loads to be 
p red ic ted  w hile  the th ird  model only p e rm its  mean flow  weighted  
co ncentra tion  o r to ta l load to  be p red ic ted  fo r  any given s to rm  event. 
The r e lia b il ity  of each of these m odels is assessed by com paring pred icted  
against observed le v e ls  of the po llu tants  w here the observed lev e ls  w ere  
d eterm ined  fro m  com prehensive sam pling during each storm  even t. Table  
6 .8  shows the p red ic ted  and observed NFR loads fo r  each storm  event and 
the  p ercen tag e e r ro rs  of the pred ic ted  com pared to  observed loads.
W hen com paring the to ta l combined load discharged over the ten  
m onitored  sto rm  even ts , Model 1 produced an e r r o r  of +16 .7% , Model 2 
-1 2 .3 %  and the Event Model +11 .8% . The e r ro rs  fo r  individual events  
v a rie d  w id e ly  fro m  -6 0  to +200% but it should be noted that the la rg e s t  
e r r o rs  w e re  associated with the s m a lle s t s torm  even ts . In these cases 
the  absolute e r ro rs  a re  re la t iv e ly  sm a ll and could even be considered as 
ins ig n ifican t com pared with the to ta l load of NFR discharged during the  
la r g e r  s to rm  even ts . F or the th re e  la rg e s t s to rm s , which accounted fo r  
97% of the to ta l suspended sedim ent load , the e r ro rs  w ere  -3 9  to + 15% 
fo r  Model 1, - 2 5  to  +11% fo r  Model 2 and - 7  to  +29% fo r  the Event M odel. 
These e r r o rs  can be reg ard ed  as quite reasonable com paredw iththose  
obtained by o th er w o rk e rs  (s e e  Section 2 . 1 ) .





Observed 2No Model 1 Error Model 2 E rror Event Error
( * ) c * ) Model ( * )
1 4 1 1 9 6 4 7 7 4 9 + 16 45631 + 1 1 41 194 3 8 1 5 4 - 7
2 2 6 7 8 1625 - 3 9 2 9 72 + 1 1 2 6 7 4 3 4 6 0 + 29
3 150 151 <1 184 + 23 144 2 1 9 + 52
4 21 62 + 195 5 4 + 157 15 48 + 220
5 58 121 + 109 114 + 97 47 31 - 3 4
6 195 77 -6 1 71 - 6 4 190 130 - 3 2
7 2 1 4 4 94 8 - 5 6 1681 -2 2 2 1 2 2 1439 - 3 2
8 70 0 8 5 2 + 22 1293 + 85 673 9 6 0 + 43
9 48 11 1 + 131 134 + 179 33 47 + 42
10 8 1 9 1 8 9 9 0 3 5 + 21 6 1 0 5 8 -2 5 8 1 5 9 7 9 9 3 3 6 + 22
Total 1 2 9 1 0 8 150731 + 16.7 11 31 92 -1 2 .3 1 2 86 89 1 4 3 8 2 3 + 11.8
1 Based on st ream flow.
2 Based on stormflow only.
1 2 8
A lthough Model 2 shows an im proved  re lia b il ity  over Model 1 it is 
im p o rta n t to  re a lis e  th a t Model 2 re q u ire s  knowledge of tw e lv e  unknown 
v a r ia b le s  com pared with only one fo r  Model 1. Unless the in creased  
ac c u ra c y  is genuinely  re q u ire d , Model t would g e n e ra lly  be of b e tte r  
p ra c tic a l use than Model 2 .
The event based model g e n e ra lly  has lo w e r re la t iv e  e r ro rs  fo r  each storm  
comparedwith Models 1 and 2 . This is most l ik e ly  because Models 1 and 2 
can in tro d u ce substan tia l e r r o rs  when the NFR peaks do not coincide with 
the  hydrograph peaks. In the  presen t study the NFR peaks both preceded  
and lagged behind the hydrograph peaks depending on the p a rt ic u la r  s to rm  
ev en t. A fu r th e r  reason fo r  im proved re lia b il ity  of the event based model 
is th e  a b ility  to  take  into account fa c to rs  such as num ber of d ry  days 
preceding the s to rm  event or peakedness index. These fa c to rs  a re  
p e c u lia r  to  each p a r t ic u la r  s to rm  even t.
The event based model fo r  NFR load pred ic tion  can be expressed in a m ore  
g e n e ra lly  ap p licab le  fo rm  by assuming that s to rm flo w  (s tre a m flo w  minus 
b a se flo w ) is equ ivalent to to ta l runoff generated  during a s to rm  event. 
This is not s t r ic t ly  tru e  since the in te rflo w  component may not n e c e s s a rily  
be defined as ru n o ff, but the assum ption is of p ra c tic a l use as th e re  is 
l i t t le  benefit in fu r th e r  subdividing flow s to  include an in te rflo w  
com ponent. The Event Model fo r  NFR load pred iction
L (ffR= 3 0 .3 7  Qs 1 -35e Dd 0 ,5 6  1 o^0-00 7QpkO (6 8 )
m ay then be re w r it te n , since
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Qs = R A
= R x 10”3 x 4 .2 2 9  x 106 x 106 x 10’ 3 
= R x  4 .2 2 9  (M L )
and
then
L nfr = 3 0 .3 7  ( R x  4 .2 2 9 )  1356 Dd 0156 x 1 0 (° 007 QPkl>
L nfr = 2 1 4 .6 0  R 1356 Dd 0156 10(°-007QPW (7 2 )
w h ere  R is to ta l ru n o ff in m illim e tre s  and A is the catchm ent a rea  in 
sq uare  m e tre s . This model can then be used as a m ore genera l fo rm  of 
the  Event Model described  in equation 6 8 , fo r  p red ic tion  of suspended  
so lids loads fo r  s to rm  even ts .
The e r r o r s  fo r  TDS pred ic tions a re  com pared in Table 6 .9 .  The f ir s t  
o b serva tio n  is th a t the e r ro rs  a re  s u b s ta n tia lly  lo w er than the e r ro rs  fo r  
NFR load p red ic tio n s . This is because NFR concentrations may v a ry  by 
s e v e ra l o rd e rs  of m agnitude during a s to rm  event w hereas TDS 
co ncentra tions  u s u a lly  v a ry  by less than 50 p e r cent during any even t.
It is in te re s tin g  to  note th a t fo r  to ta l dissolved solids load s, the e r ro rs  
fo r  M odels 1 and 2 a re  s u b s ta n tia lly  lo w e r than fo r  pred ictions using the  
Event M odel. Model 1 produced e r r o rs  of -2 1  to  +5%, Model 2 was -2 2  to  
+9% and the Event Model gave e r ro rs  of -3 7  to  + 32%. The reason fo r  the  
la r g e r  e r r o rs  in the event based Model is most lik e ly  associated with the  
baseflow  se p a ra tio n  tech n ique . In the case of NFR loads the concentration
Table 6.9 Comparison of predicted TDS loads for different models.
Event
TDS load (kg )
• 1 
Observed 2ObservedNo Model 1 E rro r Model 2 E rro r Event E rro r
( 8 ) ( 8 ) Model ( 8 )
1
2 2 5 0 0 2 6 2 2 + 5 2 6 1 4 + 4 2 4 7 6 2 1 7 7 - 1 2
3 501 4 6 7 - 7 4 5 6 - 9 4 8 6 4 3 4 - 7
4 3 6 0 3 1 3 - 1 3 3 1 5 - 1 3 2 6 2 165 - 3 7
5 8 1 2 6 4 3 -2 1 6 3 4 - 2 2 2 7 7 3 4 7 + 2 5
6 3 3 8 3 4 7 + 3 351 + 4 81 139 + 7 2
7 2 4 6 4 2 4 9 3 + 1 2 4 3 2 -1 1 4 3 9 1 2 63 - 1 2
8 1 8 89 1991 + 5 1962 + 4 1 3 05 1 5 9 9 + 2 3
9 5 0 3 481 - 4 4 8 6 - 3 102 119 + 17
10 3 1 7 2 6 3 1 5 0 2 -1 3 3 3 9 5 + 5 2 1 7 8 9 2 6 1 7 4 + 2 0
Total 4 1 0 9 3 4 0 8 5 9 - 0 .6 4 2 6 4 5 + 3 .8 2 8 1 9 9 3 2 4 1 8 + 14 .9
1 Based on streamflow.
2 Based on stormflow only.
in the  baseflow  is low  and any e r ro rs  in baseflow  loads th e re fo re  have 
l i t t le  e ffe c t on th e  to ta l s to rm flo w  load . For TDS h ow ever, the baseflow  
co ncentra tions  a re  at th e ir  highest and th e re fo re  separa tion  of baseflow  
fro m  s to rm flo w  is much m ore c r it ic a l and can in fluence the accu racy  of 
s to rm flo w  load p red ic tio n s . This separa tion  is m ore c r it ic a l fo r  s m a lle r  
sto rm s because the baseflow  component is re la t iv e ly  la rg e r  fo r  s m a lle r  
s to rm s . In the th re e  la rg e s t s to rm s the maximum e r ro rs  w ere  
co n s id e ra b ly  lo w e r at 5% fo r  Model 1, 5% fo r  Model 2 and 20% fo r  the Event 
M odel. It is apparen t th a t the advantages of using the Event Model fo r  the  
p red ic tio n  of TDS loads a re  outweighed by the res u lta n t e r ro rs  produced  
by the baseflow  separa tion  technique.
T h e re  is l i t t le  d iffe ren ce  in the re lia b ility  of pred iction  of TDS loads 
between Models 1 and 2 . Since Model 1 req u ires  l i t t le  m anipulation of raw  
data and is by fa r  the s im p lest to use, it is suggested that th is model 
provides the most s a tis fa c to ry  pred ic tion  of TDS loads during storm  
even ts .
Based on the re s u lts  of Tab le  6 .8  the best model fo r  pred iction  of NFR 
loads is the  Event Model (equations 68 and 7 2 ) and fo r  TDS loads is the  
re g re s s io n  m odel, Model 1 ( equation 5 7 ) .
7 . CONCLUSIONS AND RECOMMENDATIONS
7 .1  CONCLUSIONS
It has been shown by many o th er w o rk e rs  th a t the m odelling of po llu tants
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during s to rm flo w  conditions is a com plex and d iffic u lt ta s k . Although  
p o llu tan t concentra tions a re  g e n e ra lly  re la te d  to  s tre a m flo w , the  
re la tio n s h ip  is co m plicated  by h y steres is  e ffe c ts  which re s u lt fro m  
exhaustion of p o llu tan t su pp lies , lead  and lag of p o llu tan t peaks and 
trou ghs and o th er catchm ent re la te d  fa c to rs . A ll  these e ffects  w ere  
observed in the p resen t study which s p e c ific a lly  investigated  suspended 
so lids and to ta l d issolved solids discharges during s to rm s .
The presen t study v e r if ie d  the im portance of a com prehensive data 
co lle c tio n  p ro g ram m e involving in tensive sam ple co llectio n  throughout 
co m plete  s to rm  even ts . Any re la x a tio n  of the sam pling in ten s ity  could  
re s u lt  in m issing im p o rta n t changes in po llu tan t concentrations and could 
have led to  the developm ent of erroneous re lationsh ips as has been the  
case in previous stud ies.
The p resen t study showed th a t suspended solids and to ta l dissolved solids  
behave d iffe re n tly  during s to rm  even ts . Suspended solids a re  generated  
by eros io nal and physical tra n s p o rta tio n  processes w hile to ta l dissolved  
so lids a re  co n tro lle d  m ore by soil contact tim e  and runoff d ilu tional 
p ro ce ss es . Hence to ta l dissolved solids showed a b e tte r  re la tio nsh ip  with 
flo w  than suspended so lid s .
T h ree  m odels have been proposed fo r  pred iction  of suspended so lid s . The 
f i r s t  two invo lve v a ria tio n s  of the rating  curve technique to p red ic t NFR 
co ncentra tions fro m  instantaneous s tre a m flo w  w hile the th ird  is an event 
based model which p red ic ts  the to ta l NFR discharged by the s to rm flo w  fo r  
any given s to rm  even t. The Event Model (equation  7 2 )
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m a rg in a lly  im proved  r e lia b il ity  co m pared w ith the o ther models and has 
p ra c tic a l app lication  in th a t it a llow s pred ic tion  of the suspended solids  
load which w ill be d ischarged in any given s to rm  even t. The model can be 
applied to  h is to ric  s tre a m flo w  data o r can be used fo r  synthesised data to  
p re d ic t annual suspended solids d ischarge ra te s .
in the p resen t study the to ta l load of suspended solids discharged fo r  the  
ten  s to rm  events was 129 tonnes which is equivalent to 3 0 .5  tonnes per 
square k ilo m e tre  of catchm ent a re a . This was not the to ta l load fo r  the  
tw e lv e  month period  because no data was co llec ted  fo r  a substantial storm  
event in Decem ber 1985 during which m onitoring equipment was washed 
aw ay.
T h ree  s im ila r  m odels a re  also presented  fo r  to ta l dissolved solids loads. 
The to ta l d issolved solids load discharged during the study period was 41 
tonnes which is equ ivalent to  9 .7  tonnes per square k ilo m e tre  of 
catchm ent a re a . This load does not include the O ctober o r Decem ber 1985 
s to rm s  and hence should not be considered as a typ ica l annual load .
The s im p le  rating  cu rve  of to ta l d issolved solids against flo w , l . e .  Model 
1 (equation  5 7 ) was found to be the best p ra c tic a l model fo r  pred iction  of 
TDS response during s to rm  conditions.
EC = 2 0 .2  x Q - 0 -140
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This model a llow s p red ic tion  of TDS concentrations with vary in g  
s tre a m flo w  w hereas the event based model only enables p red ic tion  of the  
load of to ta l d issolved solids d ischarged during a s to rm  even t. W h ile  
p red ic tio n  of the  to ta l load is im p o rta n t fo r  suspended solids it  is u su a lly  
of less concern fo r  d issolved solids since it is the concentration  of to ta l 
dissolved solids which have m ore e ffe c t on w a te r q u a lity  than the to ta l 
lo ad . Hence the Model 1 is of best p ra c tic a l use fo r  TDS pred ic tio n s .
7 .2  RECOMMENDAT IONS FOR FURTHER WORK
The m odels which have been presented  in the preceding sections a re  of 
p ra c tic a l use fo r  pred icting  le v e ls  of suspended solids and to ta l dissolved  
solids fo r  the specific  catchm ent which was studied. As p a rt of th is  
catchm ent may undergo fu r th e r  urban ization  in fu tu re  a s im ila r  study 
should be repeated  both during the in itia l stages of developm ent and post 
d eve lo pm ent, once the construction  stage has been com pleted . These 
studies would help quantify  the im pact th a t urban developm ent has on 
rece iv ing  w a te rs .
As suggested by others  it is im p o rtan t to b e tte r understand the processes  
of p o llu tan t generation  and tra n s p o rt during sto rm  conditions. In the  
p resen t study the degree of in fluence of the sm all section of the  
catchm ent which was urban ized and the grazing  land , was not able to  be 
p ro p e rly  qu an tified . Any fu tu re  w ork on th is catchm ent should attem pt to 
m onitor these su b-catch m ents  to d e term in e  th e ir  re la t iv e  influence on the 
to ta l w a te r  q u a lity .
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F u rth e r  investigatio n  should also be conducted on the im p o rta n t p lant 
n u trie n ts  n itrogen  and phosphorus as these can have a substantial im pact 
on rece iv ing  w a te rs . F u rth e rm o re  it  is l ik e ly  th a t the d ischarge ra tes  of 
th ese  n u trie n ts  w ill in c re a s e  s u b s ta n tia lly  with u rb an iza tio n . Since 
analyses of these  n u trie n ts  in la rg e  num bers of sam ples involves  
co n s id erab le  la b o ra to ry  reso u rces  fu r th e r  w ork in th is area  should seek 
to  find a re la tio n sh ip  between these n u trien ts  and suspended solids or 
dissolved solids as th is  would reduce the num ber of analyses re q u ire d .
It is apparen t th a t some fo rm  of tim e  v a ria n t analysis may be req u ired  to  
fu lly  exp la in  the re la tio n sh ip  between the hydrograph peaks with the NFR 
peaks and EC tro u g h s . Such a re la tio n sh ip  should seek to  explain when a 
lead  or a lag w ill occur and a ttem pt to  p red ic t its  magnitude in each case.
F in a lly  some m ention should be made of the need to  co lla b o ra te  the  
a v a ila b le  in fo rm atio n  on s to rm w a te r q u a lity , es p e c ia lly  fo r  A u s tra lia n  
conditions, in a fo rm a t th a t can be re a d ily  arch ived  and re tr ie v e d  fo r  use 
by a ll w o rk e rs  in th is  f ie ld . Data co llec tio n  fo r  these types of studies is 
v e ry  d iff ic u lt  and by its  v e ry  na tu re  is conducted under adverse  
conditions. The reso u rces  invested  in data co llectio n  th e re fo re  should not 
be w asted by having the re s u lts  su m m arized  and the raw  data e s s e n tia lly  
u n ava ilab le  fo r  use by o th e rs . It is suggested that a standard ized  
p ro ced u re  should be adopted by w o rke rs  in th is fie ld  fo r  the type of data 
to  be c o lle c te d  and the method of data co llec tio n  and reco rd in g . The raw  
data fro m  each study should then be deposited and sto red  at one location . 
It may w e ll be th a t some a re  w illin g  to expand e ffo rt  in data analysis that 
others  have put into data c o lle c tio n .
136
REFERENCES
A m e ric a n  Public Health A ssocia tion  (1 9 7 5 )  S tandard Methods fo r  the  
Exam ination of W a te r  and W a s te w a te r. 14th Ed.
B alci A .N . & N. Ozyuvaci (1 9 8 1 )  "Sediment and N utrien t D ischarge  
Through S tre a m flo w  fro m  the O rta d e re  E xperim enta l W atersheds  
in M a ru ra  Oak Beech F o res t Ecosystem s near Instanbul T u rk e y ."  
D epartm ent W atersh ed  M anagem ent. U n ivers ity  of In s tan b u l.
Balci A . N . , N. Ozyuvaci & S. Ozhan (1 9 8 6 ) "Sediment and N utrient 
D ischarge through S tre am flo w  fro m  Two Experim ental 
W atersheds in M ature  Oak-Beech F o rest Ecosystem s near  
Instanbul Turkey" in Journal of Hydrology 85 pp 3 1 -4 7 .
B e lp erio  A .P .  (1 9 7 9 )  "The Combined use of W ashload and Bed M ate ria l 
Load Rating Curves fo t th e  C alcu lation  of Total Load: An Exam ple  
fro m  the Burdekin R iv e r, A u s tra lia ."  Catena Vol 6 , pp 3 1 7 -3 2 9 .
Bennet J .  (1 9 7 4 )  "Concepts of M athem atical Modelling of Sediment 
Yield" in W a te r  Resources Research 10: pp 48 5-49 2
Blong R .J .  & S .J .  R iley  (1 9 8 2 )  "Sediment Y ie ld  fro m  Runoff Plots  
Follow ing B ushfire  near N arrabeen  Lagoon, NSW" Search  
Jo u rn al Vol 13 pp 3 6 -3 8 .
137
Boyd M .J .  (1 9 8 5 )  H ead-D ischarge Relations fo r  C u lverts  in 21st IAHR 
C ongress, M elb o u rn e. August 1985.
B ryan R .B . (1 9 8 1 )  "Soil E rosion under S im ulated  R ain fall in the F ie ld  
and L ab o ra to ry : V a r ia b ility  of Erosion Under C ontro lled  
Conditions" in Erosion and Sedim ent T ra n s p o rt M easu rm en t. 
Procedinos of F lo ren c e  Symposium IAHS Publication No 133 pp 
3 9 1 -4 0 3 .
Burgess J . ,  W . R eiger & L. O live (1 9 8 0 )  "Sediment D ischarge Response 
to  F ire  in Se lected  S m all C atchm ents- Eden, NSW." in Hydrology  
and W a te r  Resources Sym posium . 1980. A d e la id e .
C am pbell I .A .  (1 9 7 7 )  "Stream  D ischarge , Suspended Sedim ent and 
Erosion Rates in the Red Deer R iver Basin, A lb e r ta , Canada" in 
Erosion and Solid M a tte r  T ra n s p o rt in Inland W aters  Symposium  
IDHSD Pub No 122, P a r is .
C h a tte rje e  S. & B. P rice  (1 9 7 7 )  Regression A na lysis  bv Exam ple W ile y , 
New Y o rk .
Chen V .J .  & C .Y . Kuo (1 9 8 6 )  "A Study on Synthetic Sedim entgraphs fo r  
Ungauged W atersheds" in Journal of Hydro lo gy 84 pp 3 5 -5 4 .
C h o w V .T . (1 9 5 9 )  Open Channel H ydraulics M c G ra w H ill, New Y o rk .
138
D ep artm ent of Resources and E nergy (1 9 8 3 )  W a te r  20 00 . Consultants  
Report No 8 . S a lin ity  Is s u e s . A . 6 . P . S . , C an b erra .
Dickinson W .T .  (1 9 8 1 )  "A ccuracy and Prec is ion  of Suspended Sediment 
Loads" in Erosion and Sedim ent T ra n s p o rt M easu rm en t. 
Procedinos of F lo ren c e  Symposium 1AHS Pub No. 133 pp 19 5 -2 0 2 .
Edw ards A .L .  (1 9 7 6 )  An In troduction  to  L inear Regression and 
C o rre la tio n  F reem an  & Co. San F ran c isco .
Edw ards A .M .C . (1 9 7 3 )  "The V aria tio n  of D issolved Constituents with  
D ischarge in Some N orfo lk  R ivers" in Journal of Hydrology 18 pp 
2 1 9 -2 4 2 .
Ferguson R . l .  (1 9 8 6 )  "River Loads U nderestim ated by Rating Curves" in 
W a te r  Res. R esearch . Vol 22 No 1 pp 7 4 -7 6 .
F o s te r  I .D .L .  (1 9 7 8 )  "A M u ltiv a r ia te  Model of S to rm -P e rio d  Solute  
Behaviour" in Jo urn al of Hydrology 39 pp 3 3 9 -3 5 3 .
F u lle r  L . (1 9 8 0 )  W ollongong's Native T re e s . W eston & Co. Kiam a.
G lover R .C . & P. Johnson (1 9 7 4 )  "Variations in the N atura l Chemical 
C oncentration of R iver W a te r During Flood Flows and The Lag 
Effect" in Jo urn a l of Hydrology 22 pp 3 0 3 -3 1 6 .
139
G ra ff W .H . (1 9 7 1 )  H yd rau lics  of Sedim ent T ra n s p o rt M c G ra w H ill, N. Y.
G rim shaw  D .L . and J . Lewin (1 9 8 0 )  "Source Iden tifica tion  fo r  Suspended 
Sedim ents" in Jo urn al of H ydrology 47 pp 1 5 1 -1 6 2 .
Gupta S .K . & Solomon S . l .  (1 9 7 7 )  "D istributed N um erica l Model fo r  
Estim ating Runoff and Sedim ent D ischarge of Ungauged R ivers 3 . 
Com parison with o th er S im ple Techniques " in W a te r Resources 
R esearch Vol 13 No 3 pp 6 3 1 -6 3 6 .
H all F .R . (1 9 7 0 )  "Dissolved Solids -  D ischarge Relationships 1. Mixing 
Models" in W a te r  Resources Research Vol 6 No 3 pp 8 4 5 -8 5 0 .
H all F .R . (1 9 7 1 )  "Dissolved Solids -  D ischarge Relationships 2 .
A pp lication s to  F ie ld  Data" in W a te r Resources Research Vol 7 
No 3 pp 5 9 1 -6 0 1 .
H adley R .F . and D .E . W a llin g  eds. (1 9 8 4 )  Erosion and Sediment Yield: 
Some methods of M easurem ent and M ode lling . U .P . , Cam bridge.
H ew le tt J .D . ,  J .C .  Fortson  & G .B . Cunningham (1 9 7 7 )  "The E ffect of 
R ain fa ll In ten s ity  on S torm  Flow  and Peak Discharge fro m  Forest 
Land" in W a te r  Resources Research Vol 13 No 2 pp 2 5 9 -2 6 6 .
Im eson A . C . l .  (1 9 7 3 )  "Solute V ariations in Sm all Catchment Stream s"  
in In s t, of B ritish  G eographers. T ra n s . No 60 pp 8 7 -9 9 .
140
Johnson A .R .M . (1 9 7 6 )  The D istribu tion  C h a ra c te ris tic s  and S ta b ility  of 
D eb ris -M a n tle d  Slopes In N o rth ern  W ollongong. M .Sc Thesis 
U n iv e rs ity  of W ollongong.
Kennedy V .C . ,  C. K en d a ll, 6 .W . Z e llw e g e r , T .A .  W yerm an & R .J .
A van z in o , (1 9 8 6 )  "D eterm ination of the Components of 
S to rm flo w  using W a te r  C h em is try  and Environm ental Isotopes, 
M atto le  R iver Basin, C alifo rn ia" in Journal of Hydrology 84 pp 
1 0 7 -1 4 0 .
K esari N. & R. J . Vass (1 9 8 2 )  " A  W a te r  Q uality  Study of the Y a rra  V a lle y  
Above Y errin g" in Hydrology and W a te r Resources Symposium  
M elb o u rn e.
Law rence A . I .  (1 9 8 4 )  O utline of ACT S tre am flo w  and W a te r Q uality  
M odels. NCDC (u n p u b lis h e d ).
Leitch C .J .  (1 9 8 2 )  "Sediment Levels in T r ib u ta rie s  of the East Kiewa 
R iver P r io r  to  Logging A lp ine  Ash" in The F irs t  National 
Symposium on F o res t H ydro logy. M elbourne pp 7 2 -7 8 .
L in lsey  R .K . J r . ,  M .A . K oh ler & J .L  H. Paulhus (1 9 8 2 )  Hydrology fo r  
F n o in eers . 3 rd  ed M c G ra w H ill, N .Y .
141
Lou ghran  R .J .  (1 9 7 4 )  "Suspended S ed im ent and T o ta l S o lu te  T ra n s p o rt  
in  R e la tio n  to  th e  H ydrograph" in S earch  Vol 5 No 4 
pp 1 5 6 -1 5 8 .
Lou ghran  R .J .  ( 1 9 7 7 )  "Sedim ent T ra n s p o rt  fro m  a R u ra l C atchm ent in 
New South W a les " in J o u rn a l of H vd ro lo o v  34 pp 3 5 7 -3 7 5 .
Loughran  R . J . ,  B .L .  C am p bell & 6 .L .  E ll io t t  (1 9 8 6 )  "Sedim ent 
D ynam ics in  a P a r t ia l ly  C u ltiv a te d  C atchm ent in New South W a le s ,  
A u s tra lia "  in J o u rn a l o f H yd ro lo g y  83 pp 2 8 5 -2 9 7 .
M cH en ry  J .R .  &  J .C .  Rechie (1 9 7 7 )  "E stim ating  F ie ld  E ros ion  Losses 
f ro m  F a llo u t Cesium ” 137 M easu rem en ts" in E rosion  and Solid  
M a tte r  T ra n s p o r t  in In lan d  W a te rs  Sym posium  IDHS Pub. No 122 
P a r is .
N ak am u ra  R. (1 9 7 1 )  ‘ Runoff A n a ly s is  by E le c tr ic a l Conductance of 
W a te r"  in  J o u rn a l o f H yd ro lo g y  14 pp 1 9 7 -2 1 2 .
N anson, 6 .C .  and R .W . Young (1 9 8 1 a ) "O verbank Deposition and 
F lo o d p la in  F o rm a tio n  on S m a ll C oastal S tre a m s  of New South 
W ales " in  Z . Geom orph N .F . Vol 25  No 3 pp 3 3 2 -3 4 7 .
142
Nanson 6 .C .  and R .W . Young (1 9 8 1 b) "Dow nstream  Reduction of R ural 
Channel S ize  W ith  C on trasting  U rban E ffe c ts  in S m a ll Coastal 
S tre a m s  of South E a s te rn  A u s tra lia "  in J o u rn a l o f H yd ro lo g y 52 
pp 2 3 9 -2 5 5 .
O’Connor D .J .  (1 9 7 6 )  "The C on cen tratio n  of D issolved Solids and R iver  
Flow * in W a te r  R esources R esearch Vol 12 No 2 .
O live  L .J .  & W .A .  R e iger (1 9 8 4 )  "Eden H yd ro log y P ro je c t -  Sedim ent 
T ra n s p o rt and th e  Im p act of C le a r F e ll Logging and F ire "  in Eden 
C atchm ent P ro je c t 1984 Review R ep ort No 964  F o re s try  
Com m ission of NSW.
O live  L .J .  & P .H . W a lk e r  (1 9 8 2 )  "P rocesses in O v erla n d  F low  -  Erosion  
and P roduction  of Suspended M a te r ia l*  in P red ic tio n  in W a te r  
Q u a lity  (O 'Lough lin  E .M . 8c P . C u llen  ed s ) A u s tra lia n  A cadem y  
of S c ie n c e , C a n b e rra .
O’Loughlin  E .M . 8 c  P. C u llen  ed (1 9 8 2 )  "P red ictio n  in W a te r  Q uality"  
A u s tra lia n  A ca d e m y of S c ien ce , C a n b e rra .
O’Louglin  C .L . 8 c  L .K . Rowe 8 c  A . J .  P e arce  (1 9 8 2 )  "Exceptional S to rm  
In flu e n c es  on S lope E rosion  and Sedim ent Y ie ld  in S m a ll F o re s t  
C atch m en ts , N orth  W e s tla n d , New Zealand" In The F irs t  National 
Sym posium  on F o re s t H yd ro lo g y . M elbo urn e pp 8 4 -9 1 .
143
Raison R. J . & P .K . Khanna (1 9 8 2 )  "M odification of R ainw ater C hem is try  by 
T re e  Canopies and L itte r  Layers" in P red ic tion  in W a te r Q uality  
(O 'Loughlan & Cullen e d s ) , A u s tra lia n  A cadem y of Science, 
C a n b e rra .
R eiger W . A . ,  L .J .  O live  8c J .S .  Burgess (1 9 8 2 )  "The Behaviour of 
Sedim ent C oncentrations in S m all F orested  Catchments" in The 
F irs t  National Symposium on F o res t H ydro logy. 
M elbourne pp 7 9 -8 3 .
R inaldi S . ,  R. S o n c in i-S essa ,H . S tehfest & H. Tam uri (1 9 7 9 )  M odelling  
and Control of R iver Q u a lity . M cG raw H ill NY.
Roy P .S . & C. Peat (1 9 7 3 )  "B athym etry and Bottom Sedim ents of Lake 
l lla w a rra "  in Records of Geological S urvey NSW 1 7 ( 1 ) 
pp 6 5 -7 9 .
Sm ith R .E . (1 9 8 0 )  "M athem atica l S im ulation of W a te r  and Sedim ent Flow  
P rocesses on the Catchm ent Surface" in Hydrology and W a te r  
Resources Sym posium . A d e la id e  pp 1 6 7 -1 7 1 .
S ingh al, H .S .S . ,  G .C . Joshi and R .S . Verm a (1 9 8 1 )  "Sediment Sampling  
in R ivers  and Canals" in Erosion and Sedim ent T ran s p o rt 
M easu rm en t- P ro c . of F lo ren c e  Svm o.___ IM S — PubU
N o .133 pp 1 6 9 -1 7 5 .
144
Solom on S . l .  & Gupta S .K . (1 9 7 7 )  "D istributed N um erica l Model fo r  
Estim ating  Runoff and Sedim ent D ischarge of Ungauged R ivers 2 .  
Model Developm ent" in W a te r  Resources Research Vol 13 No 3 
pp 6 1 9 -6 3 0 .
S te lc z e r  K. (1 9 8 1 )  Bed-Load T ran s p o rt: Th eo ry  and P ra c tic e . W a te r  
Resources P ub licatio ns , C olorado .
Stokes R .A . & I .C .  Loh (1 9 8 2 )  "S tream flo w  and Solute C h a ra c te ris tic s  of 
a F o res ted  and D eforested  Catchm ent P a ir in South W este rn  
A u s tra lia "  in The F irs t  National Symposium on F o res t Hydrology  
M elbo urn e.
T a lsm a T . & P .M . H allam  (1 9 8 2 )  S tream  W a te r  Q uality  of F o res t 
Catchm ents in the C otte r V a lle y , ACT." in The F irs t  National 
Symposium on F o res t Hydrology M elbourne.
T a ls m a  T . 8* K .H . N orthcote (1 9 8 2 )  "W ater Movem ent and W a te r  Q uality  
Changes in A u s tra lia n  Soils" in P red ic tion  in W a te r  Q uality  
(O ’Loughlin E .M . & P. Cullen eds) A u s tra lia n  A cadem y of 
Science, C a n b e rra .
Thom as R. B. (1 9 8 5 )  "Estim ating Total Suspended Sedim ent Y ield  W ith  
P ro b a b ility  Sampling" in W a te r Resources Research Vol 21 No 9 
pp 1 3 8 1 -1 3 8 8 .
145
T u rv e y  N .D . (1 9 7 5 )  ‘W a te r  Q u a lity  in a T ro p ica l Rain Fo res ted  Catchm ent 
in Jo u rn a l of H ydro logy 27 pp 1 1 1 -1 2 5 .
VanSickle J . and R .L . Beschta (1 9 8 3 )  "Supply-Based Models of 
Suspended Sedim ent T ra n s p o rt in S tream s" in W a te r  Resources  
R esearch Vol 19 No 3 pp 7 6 8 -7 7 8 .
W a llin g , D. E . (1 9 7 5 )  "Solute V ariations in S m all Catchm ent S tream s: 
Some Comments" in In s t, of B ritish  G eographers. T ra n s . No 64 
pp141—147•
W a llin g , D. E . (1 9 7 7  a ) "L im itations ot the Rating Curve Technique fo r  
E stim ating Suspended Loads, with P a rt ic u la r  R eference to  B ritish  
Rivers" in Erosion and Solid M a tte r  T ran s p o rta tio n  Inland  
W a te rs . P ro c . of P aris  Sym posium . Ju ly  1977.
W a llin g , D .E . (1 9 7 7  b) "Assessing the A cc u rac y  of Suspended Sediment 
Rating C urves fo r  a S m all Basin" in W a te r Resources R esearch. 
Vol 13 No 3 .
W a llin g , D .E . (e d )  (1 9 8 2 )  "Recent Developm ents in the Explanation and 
P red ic tio n  of Erosion and Sedim ent Yield" in Procedinqs of the  
F irs t  S c ien tific  G eneral A ssem b ly  of the in te rn atio n a l A ssoc , of
Hydrology Sciences.
146
W a llin g  D .E . (1 9 8 4 )  "D issolved Loads and th e ir  M e a s u re m e n t’ in E rosion  
and S edim ent Y ie ld : Some Sethods of M easu rem en t and M odelling  
(H a d le y  R .F . & D .E . W a llin g  ed s ) U n iv e rs ity  P res s  Cam bridge
W a llin g , D. E . and I .  D. L . F o s te r  (1 9 7 5 )  "V aria tion s in th e  N atu ra l 
C hem ical C on cen tratio n  of R ive r W a te r  During Flood F lo w s , and 
th e  Lag E ffect: Some F u r th e r  Com m ents" in Jo u rn a l of
H yd ro log y 26 pp 2 3 7 -2 4 4 .
W a llin g , D .E . and B .W . W ebb (1 9 8 0 )  "The S patia l D im ension in the  
In te rp re ta tio n  of S tre am  S olu te  Behaviour" in Jo u rn a l of 
H yd ro log y 47  pp 1 2 9 -1 4 9 .
W a llin g  D .E . and B .W . W ebb (1 9 8 1 )  "The R e lia b ility  of Suspended 
Sedim ent Load Data" in Erosion and Sedim ent T ra n s p o rt
M e a s u rm e n t. Procedinos of F lo re n c e  Sym posium  IAHS Pub. 
No 133 pp 1 7 7 -1 9 4 .
W a llin g  D .E . &  B .W . W ebb (1 9 8 2 )  "Sedim ent A v a ila b ility  and the  
P re d ic tio n  of S to rm  P eriod  Sedim ent Y ields" in Recent 
D evelopm ents in th e  Exp lanation  and P red ic tio n  of Erosion aJLd 
Sedim ent Y ie ld . Procedinos of E x e te r  Sumoosium 1982 IAHS Pub.
No 137.
147
W a rd  P .R .B . (1 9 8 4 )  "M easurem ent of Sedim ent Yields" in Erosion and 
Sedim ent Y ield: Some Methods of M easurem ent and Modelling  
(H ad ley  R .F . & D .E . W a llin g  ed s) U n ivers ity  Press Cam bridge.
W eeks C .R . & J .A .  C ro ckett (1 9 8 3 )  "Urban S to rm w a te r Pollu tion  and 
A batem ent" in Procedinos of AWRC W orkshop on Non Point 
Sources of P o llu tio n  in A u s tra l ia . M elbourne.










1 0.0 0.020 0.001 1
2 0.5 0.040 0.018 1
3 0.5 0.070 0.047 1
4 1.4 0.090 0.065 21
5 0.5 0.100 0.074 20
6 1.4 0.120 0.093 24
7 1.9 0.140 0.112 24
8 1.4 0.140 0.111 28
9 0.9 0.140 0.110 29
10 1.4 0.180 0.148 32
11 0.9 0.140 0.107 28
12 0.9 0.140 0.106 30
13 2.4 0.140 0.105 57
14 3.3 0.160 0.124 99
15 2.4 0.160 0.123 122
16 2.4 0.180 0.141 117
17 2.4 0.230 0.190 129
18 4.3 0.380 0.339 245
19 3.3 0.480 0.438 260
20 4.8 1.040 0.997 262
21 1.9 1.190 1.146 305
22 4.3 1.360 1.314 363
23 4.8 1.990 1.943 455
24 6.7 3.950 3.902 650
25 6.7 5.470 5.421 660
26 6.7 5.580 5.530 670
27 5.2 5.470 5.419 488
28 3.8 4.830 4.777 324
29 1.9 4.430 4.376 211
30 1.4 3.850 3.795 191
31 1.4 2.490 2.434 158
32 3.8 2.010 1.953 143
33 6.7 2.600 2.542 161
34 2.9 2.600 2.540 298
35 2.4 2.320 2.259 296
36 0.0 1.850 1.788 178
37 0.5 1.390 1.327 119
38 1.4 1.020 0.956 83
39 1.0 0.740 0.675 63
40 0.0 0.530 0.463 141
41 0.5 0.400 0.332 107
42 0.9 0.310 0.241 72
43 1.9 0.240 0.170 65
44 1.4 0.190 0.119 52
45 1.4 0.160 0.088 45
46 0.5 0.140 0.066 43
13 October 1985 (coni.)
Time period Rainfall Streamflow Stormflow NFR
(30 min) (mm/30min) (cumecs) (cumecs) (mg/L)
47 2.4 0.120 0.045 45
48 0.0 0.100 0.024 34
49 0.0 0.080 0.003 15
25 November 1985
Time period Rainfall Streamflow Stormflow NFR EC
























































































T ime period Rainfall Streamflow 







1 0.0 0.060 0.000 6 30.6
2 0.5 0.120 0.059 6 30.6
3 7.5 0.220 0.158 22 29.7
4 1.4 0.220 0.157 145 16.7
5 0.0 0.190 0.125 74 222
6 0.0 0.190 0.124 56 27.2
7 0.0 0.190 0.123 35 28.3
8 0.0 0.190 0.122 29 28.3
9 0.0 0.160 0.091 29 28.4
Î0 0.0 0.160 0.090 25 28.5
11 0.5 0.160 0.088
12 0.5 0.160 0.087
13 0.0 0.160 0.086
14 0.0 0.160 0.085
15 0.0 0.160 0.084
16 0.0 0.160 0.083
17 0.0 0.130 0.051
18 0.0 0.130 0.050
19 0.0 0.130 0.049
20 0.0 0.100 0.018
21 0.0 0.100 0.017
22 0.0 0.090 0.006
23 0.0 0.090 0.004
24 0.0 0.080 0.007
5 March 1986










1 0.0 0.091 0.000 4.0 32.6
2 0.6 0.091 0.001 8.0 32.6
3 1.2 0.091 0.002 10.0 32.6
4 0.0 0.091 0.005 12.1 32.6
5 0.0 0.123 0.030 20.6 31.4
6 0.0 0.106 0.012 12.9 30.6
7 0.0 0.106 0.011 18.3 31.0
8 0.0 0.106 0.009 10.8 32.1
9 0.0 0.103 0.005 7.6 32.4
10 0.0 0.101 0.003 7.8 32.6
29 March 198&










1 0.0 0.056 0.001 5.2 39.4
2 0.0 0.056 0.002 6.4 39.4
3 2.7 0.115 0.055 10.0 36.4
4 0.4 0.091 0.031 9.0 35.6
5 0.0 0.078 0.017 43.7 33.5
6 0.0 0.071 0.008 71.1 32.5
7 0.0 0.068 0.004 67.7 30.9
8 0.9 0.098 0.033 40.1 31.9
9 0.4 0.104 0.038 27.1 32.4
to 0.9 0.097 0.029 14.6 32.4
It 1.8 0.107 0.038 14.7 32.7
12 0.4 0.107 0.037 9.3 32.7
13 0.0 0.107 0.036 6.3 33.4
14 0.0 0.106 0.033 4.6 35.1
15 0.0 0.106 0.032 7.0 36.5
16 0.0 0.106 0.031 3.7 37.2
17 0.0 0.105 0.029 4.0 37.5
18 0.0 0.102 0.025
19 0.0 0.100 0.022
20 0.0 0.096 0.017
21 0.0 0.092 0.012
22 0.0 0.088 0.006
12 April 1986










1 0.0 3.4 42.0
2 3.8 5.2 41.1
3 0.0 15.2 35.0
4 5.1 23.4 34.4
5 4.4 170.4 23.2
6 6.3 445.1 16.5
7 1.3 342.6 13.8
8 1.3 117.5 22.6
9 0.0 77.1 28.5
10 0.0 81.7 32.0
11 0.0 53.2 33.2
12 0.0 38.0 31.7
13 0.0 43.2 29.8
H 0.0 59.0 28.5
15 0.6 55.8 27.9
16 0.0 55.4 27.3
17 April 1986










1 0.0 0.056 0.001 6.0 37.4
2 0.0 0.056 0.002 3.0 37.6
3 4.8 0.187 0.127 55.7 32.2
4 3.0 0.195 0.135 200.9 19.4
5 0.0 0.113 0.051 168.3 17.7
6 0.0 0.106 0.043 156.3 18.3
7 0.0 0.094 0.030 121.9 22.4
8 0.0 0.094 0.029 71.3 27.7
9 0.0 0.087 0.021 31.2 31.0
10 0.0 0.075 0.007 20.0 33.5
11 0.0 0.070 0.001 9.9 35.5
28 April 1986
Time period Rainfall Streamflow 







I 0.0 0.051 0.000 9.2 40.0
2 3.7 0.162 0.108 11.7 39.3
3 1.0 0.162 0.107 42.7 31.4
4 1.6 0.097 0.041 82.1 30.0
5 1.6 0.188 0.131 109.3 22.4
6 1.0 0.162 0.104 88.2 18.6
7 0.5 0.117 0.057 48.5 20.3
8 0.0 0.097 0.037 39.6 20.8
9 0.5 0.097 0.036 36.1 21.3
10 0.0 0.080 0.017 28.9 24.5n 1.0 0.080 0.016 18.4 27.8
12 0.0 0.097 0.032 14.2 29.9
13 8.3 0.354 0.287 365.8 20.5
14 4.7 0.315 0.248 248.6 14.9
15 4.2 0.280 0.211 145.2 16.2
16 4.2 0.280 0.210 94.8 18.4
17 1.6 0.280 0.209 75.8 21.5
18 0.5 0.247 0.175 49.0 29.0
19 4.2 0.394 0.321 64.2 29.0
20 0.0 0.394 0.320 62.1 27.6
21 0.0 0.315 0.240 50.3 28.1
22 0.0 0.280 0.203 45.5 28.3
23 0.0 0.248 0.170
24 0.0 0.230 0.151 e
25 0.0 0.205 0.125
26 0.0 0.187 0.106
27 0.0 0.175 0.092
28 0.0 0.162 0.078 34.6 27.9
29 0.5 0.138 0.Ö53 28.3 27.9
30 0.0 0.138 0.052 26.9 28.1
31 0.0 0.117 0.029 22.8 28.3
32 0.0 0.138 0.050 20.2 28.6
33 0.0 0.188 0.098 27.5 28.8
34 0.0 0.188 0.097 18.8 28.6
35 1.1 0.188 0.096 170.2 30.1
36 0.5 0.216 0.123 631.9 24.7
37 1.1 0.216 0.122 641.9 21.1
38 2.1 0.188 0.092 421.1 18.8
39 1.1 0.188 0.091 282.1 17.7
40 0.5 0.162 0.064 353.6 18.6
41 1.1 0.162 0.063 351.2 20.7
42 1.1 0.162 0.062 218.8 21.0
43 2.1 0.247 0.145 120.7 21.7
44 1.1 0.280 0.177 103.4 22.0
45 0.0 0.280 0.176 65.1 24.1
2 Hay 1986
Time period Rainfall Stream flow 







1 0.6 0.051 0.000 10.7 31.1
2 4.1 0.117 0.064 12.7 27.4
3 1.2 0.097 0.044 20.6 23.0
4 3.5 0.117 0.062 33.3 19.4
5 2.9 0.188 0.132 46.1 17.7
6 1.7 0.162 0.105 57.5 19.6
7 1.2 0.247 0.188 75.1 22.3
8 1.2 0.280 0.220 59.0 26.4
9 0.6 0.354 0.293 103.2 24.7
10 0.0 0.394 0.333 105.8 24.2
11 0.6 0.394 0.332 106.3 23.1
12 0.6 0.394 0.331 98.6 22.4
13 0.0 0.394 0.329 90.6 21.9
14 0.0 0.354 0.287 77.3 21.8
15 0.0 0.354 0.286 55.8 22.4
16 1.7 0.315 0.247 42.5 21.8
17 2.3 0.280 0.210 36.5 21.7
18 0.0 0.280 0.209 35.3 21.6
19 0.0 0.280 0.208 35.6 21.7
20 0.0 0.247 0.173 30.2 21.9
21 0.0 0.247 0.172 25.9 22.2
22 0.0 0.218 0.142
23 0.0 0.200 0.123
24 0.0 0.182 0.104 e
25 0.0 0.168 0.089
26 0.0 0.155 0.075
27 0.0 0.142 0.061
28 0.0 0.132 0049
29 0.0 0.122 0.038
30 0.0 0.111 0.026
31 0.0 0.102 0.016
32 0.0 0.095 0.008
33 0.0 0.089 0.001
5 May 1986
Time period Rainfall Streamflow 







i 0.0 0.080 0.000 6.6 30.1
2 1.1 0.080 0.001 6.6 30.1
3 0.6 0.097 0.015 17.9 30.1
4 2.2 0.162 0.078 25.4 25.9
5 0.0 0.117 0.032 43.4 26.6
6 0.0 0.117 0.031 32.7 27.1
7 0.0 0.117 0.030 16.7 27.9
8 0.0 0.117 0.029 19.6 28.7
9 0.0 0.117 0.027 14.0 29.0
10 0.0 0.117 0.026 8.8 29.5
11 0.0 0.117 0.025 6.9 29.5
12 0.0 0.117 0.024 7.3 29.6
13 0.0 0.117 0.023 7.4 29.3
14 0.0 0.110 0.015 7.0 29.6
15 0.0 0.100 0.004 7.0 29.7
5 August 1906















6 0.811 0.495 215.0 26.8
7 0.888 0.748
8 1.142 1.095
9 1.490 1.638 446.0 22.0
10 2.035 1.553 446.0 21.9
11 1.951 1.552 338.0 21.0
12 1.951 1.389 260.0 20.3
13 1.789 1.310 255.0 20.1
14 1.711 1.387 190.1 19.8
15 1.789 1.717 162.5 19.5
16 2.121 1.895 146.7 18.7
17 2.300 1.629 181.8 18.7
18 2.035 1.544 161.1 18.8
19 1.951 1.461 137.5 18.6
20 1.869 1.302 129.5 19.0
21 1.711 1.152 93.5 19.2
22 1.562 0.824 79.2 19.4
23 1.235 0.822 60.0 19.8
24 1.235 0.821 62.7 19.8
25 1.235 0.727 62.7 20.2
26 1.142 0.637 60.4 20.4
27 1.053 0.551 60.6 20.6
28 0.968 0.550 54.4 20.8
29 0.968 0.633 47.9 21.6
30 1.053 1.368 40.8 21.9
31 1.789 1.877 54.0 21.9






38 3.325 8.208 205.0 18.9
39 8.639 4.724 1016.9 17.2
40 5.155 3.748 1049.1 15.3
41 4.181 3.879 605.1 14.9
42 4.313 4.012 328.8 15.1
43 4.447 6.861 213.3 15.2
44 7.298 5.330 380.2 14.0
45 5.767 4.570 564.7 13.7
46 5.009 4.283 383.1 13.6
47 4.723 3.484 240.6 14.0
48 3.924 2.883 197.2 14.5
5 August 1986 (cont.)










49 3.325 2.551 160.6 15.0
50 2.994 2.340 122.8 15.5
51 2.784 2.442 116.8 16.0
52 2.888 2.137 118.8 16.4
53 2.584 1.852 98.9 16.8
54 2.300 1.586 101.0 17.4
55 2.035 1.419 102.3 17.6
56 1.869 1.184 79.7 17.9
57 1.636 1.110 86.3 18.2
58 1.562 1.336 88.6 18.6
59 1.789 1.414 86.0 20.1
60 1.869 1.413 80.1 20.2
61 1.869 1.179 73.3 20.3
62 1.636 1.104 74.4 20.4
63 1.562 0.683 58.0 20.3
64 1.142 0.681 59.5 20.3
65 1.142 0.680 57.6 20.2
66 1.142 0.870 64.1 19.6
67 1.333 0.678 63.9 19.9
68 1.142 0.588 57.7 19.9
69 1.053 0.502 52.8 19.9
70 0.968 0.420 44.9 20.1
71 0.888 0.419 39.7 20.2
72 0.888 0.342 40.8 20.4
73 0.811 0.268 37.0 20.5
74 0.739 0.267 31.9 20.7
75 0.739 0.197 34.3 20.8
76 0.671 0.196 37.6 21.0
77 0.671 0.194 33.7 21.2
APPENDIX  2 Colour Plates
PLATE 1 Upland section of Byarong Creek
PLATE 2 Upland catchment of Byaron g Creek
PLATE 3 Natural bush section of the catchment (79%)
PLATE 4 Grazing lands section of the catchment (18%)
PLATE 5 Urban section of the catchment (3%)
PLATE 7 Byarong Creek, stormflow conditions
PLATE 8 Monitoring station showing trapezoidal channel 
in background
PLATE 9 Unable to take stream velocity measurements 
properly during high flows (6 August 1986)
PLATE 10 Trapezoidal channel, 
depth markings
baseflow, showing channel
PLATE 11 Trapezoidal channel during stormflow conditions
Publications bv C. J. Woodward during study period.
Woodward C.J. (1986) "The Implementation of Urban Stormwater Pollution 
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Woodward C.J. & M. Sivakumar (1987) “An Assessment of Long Term 
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Sediments and W ater, to be held in Melbourne 19-20 
February 1987. Copy of abstract and acceptance 
attached.
Woodward C.J. & M. Sivakumar (1987) “Modelling Suspended Sediment 
Loads in Byarong Creek, NSW" in Fourth International 
Symposium on the Interaction Between Sediments and 
W ater, to be held in Melbourne 19-20 February 1987. 
Copy of abstract and acceptance attached.
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